Fracture-induced mechanophore activation and solvent healing in poly(methyl methacrylate) by Celestine, Asha-Dee
  
 
 
 
 
 
 
 
 
 
 
Copyright 2014 Asha-Dee N. Celestine 
 
 
  
 
 
FRACTURE-INDUCED MECHANOPHORE ACTIVATION AND 
SOLVENT HEALING IN POLY(METHYL METHACRYLATE) 
 
 
BY 
ASHA-DEE N. CELESTINE 
 
 
 
DISSERTATION 
Submitted in partial fulfillment of the requirements                                                                                             
for the degree of Doctor of Philosophy in Aerospace Engineering                                                                      
in the Graduate College of the                                                                                                                              
University of Illinois at Urbana-Champaign, 2014 
 
Urbana, Illinois 
Doctoral Committee: 
Professor Scott R. White, Chair and Director of Research                                                                             
Professor Nancy R. Sottos                                                                                                                                    
Professor Philippe H. Geubelle                                                                                                                         
Assistant Professor Huck Beng Chew 
 
ii 
 
Abstract 
The design of new materials for structural applications has continually drawn inspiration 
from biological systems. Two key functionalities persistent throughout nature are the ability to 
detect damage and then repair that damage.  Within recent years there has been a dedicated 
drive towards the design of polymers and polymer matrix composites which possess these two 
qualities. 
Damage detection is a highly desirable functionality in engineering materials.  The 
potential of using mechanophores, stress-sensitive molecules, as material stress sensors has 
been established through tensile, compressive and shear tests. Spiropyran (SP) has been the 
chosen mechanophore and this molecule undergoes a ring opening reaction (activation) upon 
the application of mechanical stress. This activation is accompanied by a change in color and 
fluorescence as the colorless SP is converted to the highly colored merocyanine (MC) form. One 
requirement for SP activation in bulk polymers is large scale plastic deformation. In order to 
induce this plastic deformation during fracture testing of SP-linked brittle polymers such as 
poly(methyl methacrylate) (PMMA), rubber nanoparticles can be incorporated into the matrix 
material. These nanoparticles facilitate the increased shear yielding necessary for SP activation 
during mechanical testing.  
Cross-linked SP-PMMA, containing 7.3 wt% rubber nanoparticles is synthesized via a 
free radical polymerization.  Specimens of this material are fabricated for Single Edge Notch 
Tension (SENT) testing. The rubber toughened SP-PMMA specimens are first prestretched to 
approximately 35% axial strain to align the spiropyran molecules in the direction of applied 
force and thus increase the likelihood of fracture-induced activation. After prestretching the 
specimens are pre-notched and irradiated with 532 nm wavelength light to revert the colored 
merocyanine to the colorless spiropyran form. Specimens are then fracture tested to failure 
using the SENT test. The evolution of mechanophore activation is monitored via in situ 
fluorescence imaging and inspection of the specimens after testing. Activation of the SP is 
observed ahead of the crack tip and along the propagated crack. Also, the degree of activation 
is found to increase with crack growth and the size of the activation zone is linearly correlated 
to the size of the plastic zone ahead of the crack tip. Control specimens in which the 
iii 
 
mechanophore is absent or tethered in positions in which no mechanochemical activation is 
expected are also tested and exhibit no change in color or fluorescence intensity with crack 
propagation.  
The relationship between fracture-induced mechanophore activation in rubber 
toughened SP-PMMA and the strain and stress ahead of the propagating crack is also studied. 
SP activation is again detected and quantified by in situ fluorescence imaging. Digital Image 
Correlation (DIC) is used to measure the strain ahead of the crack tip. The corresponding stress 
is generated through the use of the Hutchinson-Rice-Rosengren (HRR) singularity field 
equations. Mechanophore activation ahead of the crack tip is shown to follow a power law 
distribution that is closely aligned with strain.  
The potential of SP as a damage sensor is explored further by incorporating the 
spiropyran into the core of rubber nanoparticles. SP-linked rubber nanoparticles are 
synthesized using a seeded emulsion polymerization process and incorporated into cross-linked 
PMMA at a concentration of 5 wt%. Cylindrical specimens are torsion tested and the activation 
of the SP within the nanoparticles is monitored via full field fluorescence imaging. SP activation 
within the core is shown to increase with shear strain. 
Autonomous damage repair in PMMA is also investigated. The first demonstration of 
fully autonomous self-healing in PMMA is achieved through the use of solvent microcapsules. 
Solvent microcapsules with a PMMA-anisole liquid core are prepared and embedded within a 
linear PMMA matrix. Specimens of the microcapsule-loaded material are then fabricated for 
Double Cleavage Drilled Compression (DCDC) fracture testing. The DCDC specimens, containing 
increasing concentrations of solvent microcapsules, are tested and then allowed to heal for a 
fixed period of time before a second DCDC test.  The healing efficiency of each material system 
is evaluated based on the recovery of fracture toughness and is shown to be dependent on 
healing time and microcapsule concentration. 
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Chapter 1 
Introduction 
1.1 Motivation 
There has been significant expansion in the range of materials used for structural 
applications over the past few decades. Advances in the design of new polymers and polymer 
matrix composites have made it possible to combine high specific strength and stiffness with 
improved resistance to fatigue and corrosion to produce highly efficient and cost effective 
materials. As a result, polymer-based structural materials are currently being utilized in a 
myriad of applications, from the fuselages of military and commercial aircraft to recreational 
equipment and microelectromechanical (MEMS) devices. Despite their favorable mechanical 
properties, widespread use of these brittle polymers is limited by a lack of reliable mechanisms 
for damage detection and repair [1-4]. 
1.2 Autonomous Damage Detection 
Few non-destructive techniques exist for the evaluation of damage in brittle materials. 
These include the use of piezoelectric films [5], optical fibers [6, 7] and fluorescent sensors [8-
10].  These techniques generally involve the application of the sensor to the surface of the 
material or implantation within the material itself. A more intrinsic method for damage 
evaluation can be realized by using mechanochemical activation to produce chemical changes 
in a material in response to an applied mechanical force.  
1.2.1 Mechanophore-linked Polymers 
The traditional mechanochemical response of polymers subjected to large stresses 
involves scission of covalent bonds and eventual polymer degradation [11-14]. Modern 
mechanochemistry, however, has focused on using stress to drive chemical reactions along 
specific, favorable pathways [15, 16]. Mechanochemically active polymers have been achieved 
through the design and synthesis of novel force-activated probe molecules (mechanophores) 
that are grafted into the backbone of the polymer chain or used as cross-linkers. As force is 
transferred from the polymer to the mechanophore, the chemical structure of the 
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mechanophore is altered. Within recent years a host of new mechanophores have been 
synthesized and their mechanochemical efficiency has been evaluated in solution through the 
use of ultra-sonication. Ultrasound has been the chosen method for solution testing of 
potential mechanophores because of the large mechanical forces which can be achieved 
through the collapse of cavitation bubbles [15-18]. The response of various mechanophores to 
mechanical force can be grouped into four categories [15]: (1) electrocyclic ring-opening [16, 
19-21], (2) molecular reconfiguration [22, 23], (3) molecular cycloreversion [24-27], and (4) 
activation of catalysts [28-30]. 
A pivotal demonstration of force-induced electrocyclic ring-opening was made by 
Hickenboth et al. by sonication of solutions of cis and trans isomers of benzocyclobutene 
covalently bonded to poly(ethylene glycol) [16]. Upon sonication, both isomers underwent ring 
opening reactions and identical products were generated. Subjecting the two solutions to heat 
and light, however, produced different products highlighting the capacity of mechanical force 
to drive chemical reactions along desired pathways. 
To determine whether mechanical force could be used to overcome isomerization 
barriers, Wiggins and co-workers synthesized binol mechanophores and subjected solutions of 
the polymer-linked mechanophores to ultrasound [22]. The resulting material contained 
reconfigured stereoisomers with no evidence of polymer degradation. Kryger et al. have 
demonstrated the force-induced cycloreversion of dicyano-substituted cyclobutane which 
produced reactive alkenes and subsequently cyanoacrylates [25]. Latent catalysts which 
undergo selective scission during the application of force have been designed by Piermattei and 
co-workers [28]. Solutions containing silver (I) complexes of N-heterocyclic carbine ligands were 
sonicated and catalytically active ligands or active metal sites were generated. 
Mechanophore response in solid state polymers has also been examined [11, 31-38]. 
The use of the molecule spiropyran (SP) as a suitable mechanophore in bulk polymers has been 
investigated extensively within recent years [11, 39-41]. Spiropyran undergoes a reversible 
electrocyclic ring-opening reaction in response to tensile force, heat and UV light [19, 36] (see 
Figure 1.1). This ring-opening ruptures the spiro carbon-oxygen (C-O) bond and transforms the 
SP molecule from the colorless spiropyran form to the highly colored, and fluorescent, 
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merocyanine (MC) form. SP mechanophore activation is also reversible by irradiating the 
mechanophore with visible light at room temperature. When SP is grafted into a bulk polymer 
the change in color and fluorescence of the polymer is a result of the mechanochemical 
reaction of the mechanophore and it provides a convenient and intrinsic means of sensing 
mechanical stress.  
 
Figure 1.1: Transformation of spiropyran to merocyanine. The forward reaction is driven by mechanical 
force, heat and UV light. The reaction is reversed by illuminating with white light. 
Potisek and co-workers first demonstrated this reaction with spiropyran-linked addition 
polymers subjected to ultrasonic pulsing in the solution state [19]. Davis and co-workers later 
showed that the SP to MC reaction can be triggered in solid state polymers [11]. They further 
determined that mechanophore activation only occurs when the polymer chains are attached 
such that force is transmitted across the spiro C-O bond. SP activation has been demonstrated 
for poly(methyl acrylate) (PMA) under tension [11], cross-linked PMMA under torsion [39] and 
linear PMMA under tension at elevated temperatures [40]. Images of spiropyran-linked 
specimens with large scale force-induced SP activation are shown in Figure 1.2. In all reported 
cases of force-induced SP activation in bulk polymers, the SP to MC reaction occurred at the 
onset of yield or just beyond the yield point.   
 
Figure 1.2: Optical images of SP-linked specimens after mechanical testing. (a)Linear SP-PMA tested in 
tension. Reproduced from [11]. (b) Cross-linked SP-PMMA tested in torsion. Reproduced from [39]. (c) 
Linear SP-PMMA tested in tension at elevated temperatures. Reproduced from [40]. Scale bars: 5 mm. 
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1.3 Autonomous Damage Repair 
While the ability to autonomously detect damage is beneficial, the capacity to 
subsequently heal that damage is extremely appealing. Recent advances in the field of self-
healing polymers provide a framework for the development of damage sensing materials with 
additional damage repair capabilities. 
Fully autonomous self-healing in polymeric materials draws its inspiration primarily from 
biological systems. Blood clotting, the development of scar tissue and other healing 
mechanisms in both plants and animals provide the foundation for repairing damage in 
synthetic materials such as plastics, adhesives and polymer composites [3, 42-56]. The 
efficiency of any self-healing system is usually determined by the degree of recovery of 
mechanical performance [56, 57]. Measures such as recovery of stiffness, fracture toughness 
and/or peak loads are used to evaluate the effect of the various healing mechanisms that have 
been developed over the years.  
1.3.1 Microcapsule-based Self-healing 
The first demonstration of fully autonomous self-healing in a polymeric material was 
achieved by White and co-workers [3]. Their approach involved the imbedding of catalyst 
particles and monomer-filled microcapsules into an epoxy polymer system. Material damage 
via propagating cracks ruptured the microcapsules and released the liquid monomer into the 
crack plane. The monomer then reacted with the catalyst particles to form new polymeric 
material in the crack plane thereby healing the damage and restoring mechanical properties to 
the polymer system (see Figure 1.3a).  
5 
 
 
Figure 1.3: Microcapsule-based self-healing systems. (a) Single capsule system with monomer-filled 
microcapsules and embedded catalyst particles in matrix. Reproduced from [3]. (b) Single capsule 
system with solvent-filled microcapsules. Reproduced from [58]. 
Since this initial demonstration, the microcapsule-based approach to self-healing has 
been utilized extensively to probe the healing effect of various healing agents. The state-of-the-
art has progressed from capsule-catalyst systems to single-capsule systems where healing 
solvents are incorporated into the capsule core. The mechanism for solvent healing in 
thermosets such as epoxy is quite different from the monomer-catalyst system used previously. 
Here, the released solvent swells the matrix material and promotes additional cross-linking with 
residual amines in the partially cured epoxy matrix (see Figure 1.3b). Caruso and co-workers 
have demonstrated significant levels of healing for epoxy systems containing various solvent 
microcapsules [58, 59]. The success of the solvent healing method in thermosets has paved the 
way for investigations into microcapsule-based solvent healing in thermoplastics. 
Traditionally, healing in thermoplastics such as poly(methyl methacrylate) (PMMA) has 
been achieved through thermal methods [60]. After damage, the material is heated above its 
glass transition temperature (Tg) to mobilize the polymer chains across the crack plane. This 
movement of the chains results in chain entanglement and healing. The mechanism for solvent 
healing in thermoplastics is similar to the thermal healing method except that it is the solvent 
that promotes the polymer chain mobility and entanglement as the solvent diffuses into the 
polymer and swells the matrix. 
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Efforts to achieve room temperature solvent healing have included immersing entire 
specimens in appropriate solvents [61-63] and incorporating dichlorobenzene-filled 
microcapsules into a thermoplastic system [64]. Both methods described, however, were non-
autonomous and measures of healing were either significantly low or not provided altogether. 
Screening tests by Caruso have identified a number of good solvents for healing PMMA [65]. A 
good solvent is one for which the interactions between the polymer segments and solvent 
molecules are more energetically favorable than those between the polymer segments. It is 
usually identified as one whose solubility parameter (δ) is close to that of the polymer [62, 66]. 
The result is the expansion of the polymer chains [67]. Good solvents for PMMA include ethyl 
phenylacetate (EPA), phenylacetate (PA), chlorobenzene (PhCl) and anisole. Gladman et al. 
have recently demonstrated autonomous solvent healing in a PMMA-based bone cement 
thermoplastic system containing liquid PMMA-anisole microcapsules [66]. The PMMA was 
added to the anisole solvent to promote healing in small scale cracks. A conclusive 
demonstration of the recovery of material properties after bulk fracture testing of plain PMMA 
infused with these solvent-filled microcapsule systems has been hampered by issues of capsule 
robustness, void development during specimen preparation and degraded material properties 
[65]. 
1.3.2 Microvascular Self-healing  
Other strategies for autonomous self-healing have also been developed within recent 
years. These include the use of microvascular systems [2, 47-51] and the incorporation of liquid 
filled hollow fibers [1, 52, 53, 68, 69].  
Microvascular self-healing systems mimic the vascular networks prevalent in living 
systems. Networks of microchannels containing healing liquids are placed throughout the 
material and upon fracture, these liquids flow into the damage zone, polymerize and restore 
mechanical performance [51, 70]. A two-part chemistry is usually used and the degree of mixing 
of both components is enhanced by various pumping schemes. The main advantage of 
microvascular systems over microcapsule based self-healing systems is their ability to heal 
repeated damage events [47, 51].  
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Toohey et al. first demonstrated the efficacy of microvascular systems through the use 
of a microvascular coating-substrate design similar to that of human skin [47]. The 
microvascular network was created using direct ink writing and then embedded in a substrate 
which delivered healing agent to cracks in the epoxy coating above it through capillary action. 
An improved method for achieving self-healing via microvascular networks has since been 
developed through the use polylactide (PLA) sacrificial fibers woven into fiber-reinforced 
composites [2]. The PLA fibers are depolymerized at elevated temperatures leaving behind 
evacuated, hollow microchannels for healing liquid delivery (see Figure 1.4). The advantage of 
this method is that it allows for quick, high-volume production of composites with limitless 
possibilities for vascular network size and geometry.  
 
Figure 1.4: Microvascular channels via sacrificial fibers. (a) Microchannel architecture within fiber 
reinforced composite. (b) Microvascular network with (yellow) fluid flowing through evacuated 
microchannels. Reproduced from [2]. Scale bar: 5mm. 
Hollow fibers have also been used for self-healing in fiber-reinforced composites. 
Structural hollow glass fibers containing healing fluids have been embedded in glass fiber [52] 
and carbon fiber [1] reinforced composites (see Figure 1.5). In these systems, the glass fibers 
act as healing agent carriers, as well as composite material reinforcement. During a damage 
event, the hollow fibers fracture and release healing agent into the damage zone similar to the 
bleeding process in animals [52]. Incorporating these hollow fibers has led to significant 
recovery of mechanical strength after damage. The main disadvantage of these systems, 
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however, is that extreme damage conditions are needed for fiber breakage and subsequent 
release of the healing agent for damage repair [71].  
 
Figure 1.5: Optical microscope image of hollow glass fibers embedded in a carbon fiber reinforced 
polymer composite. Reproduced from [1]. 
 
1.4 Overview and Outline of Dissertation 
The goals of this research are to (1) assess the damage sensing capabilities of 
mechanophore-linked polymers, and (2) develop a self-healing PMMA thermoplastic through 
the use of a microencapsulated solvent. 
Fracture-induced activation of the spiropyran mechanophore is demonstrated and 
examined in Chapter 2. Specimens of rubber toughened PMMA lightly cross-linked with 
spiropyran are subjected to displacement controlled Single Edge Notch Tension (SENT) tests. 
The degree of SP activation is quantified via fluorescence imaging. The relationship between 
the region of mechanophore activation and the size of the plastic zone ahead of the crack tip is 
investigated.  
The work in Chapter 3 explores the relationship between the fracture-induced SP 
activation and the strain and stress fields ahead of the crack. The Digital Image Correlation (DIC) 
technique is used to measure the strain fields while the corresponding stress fields are 
generated through the use of the Hutchinson-Rice-Rosengren (HRR) singularity field equations. 
Measures of the strain required for SP activation are also made.  
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In Chapter 4, the force response of SP placed within rubber nanoparticles is studied. 
Core-shell rubber nanoparticles are synthesized with SP covalently bonded to the rubber core. 
The nanoparticles are then incorporated into cylindrical specimens of cross-linked PMMA for 
torsion testing. The activation response of the spiropyran mechanophore within the core is 
quantified via full field fluorescence imaging. 
Solvent healing in PMMA is reported in Chapter 5. Synthesis and fabrication protocols 
are first established to produce high quality linear PMMA containing solvent microcapsules. 
Specimens are tested using the Double Cleavage Drilled Compression (DCDC) test protocol and 
the healing efficiency of the material system is evaluated based on capsule concentration and 
healing time. 
A summary of this work is then provided in Chapter 6, along with proposals for future 
work.  
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Chapter 2 
Fracture-Induced Activation in Mechanophore-Linked, Rubber 
Toughened PMMA 
2.1 Introduction 
In this chapter, the intrinsic damage sensing potential of spiropyran-linked PMMA via 
fracture-induced spiropyran (SP) activation was evaluated. The activation of SP in bulk polymers 
has been linked to the degree of plastic deformation in the polymeric material [11, 39, 40]. For 
glassy polymers such as PMMA, however, the predominant failure mechanism is crazing [72] 
while plastic deformation or shear yielding occurs on a much smaller scale [72-74].  Enhanced 
SP activation in PMMA should result, however, by increasing the degree of plastic deformation 
in PMMA. This can be achieved by incorporating core-shell rubber nanoparticles in the matrix 
[75-81]. Core-shell rubber nanoparticles embedded within a brittle polymer can enhance shear 
yielding in the matrix material during deformation mainly through the process of rubber core 
cavitation [82-84]. Consequently, the degree of plastic deformation occurring throughout the 
material increases [75, 82, 85]. This increase in deformation not only provides an avenue for the 
enhanced SP activation, but also a synergistic increase in fracture toughness. 
As a result, a rubber toughened, cross-linked PMMA was used in the following 
experiments with the SP mechanophore functioning as a low profile (0.05 mol%) secondary 
cross-linker (see Figure 2.1). Specimens were tested to failure using the Single Edge Notch 
Tension (SENT) fracture test. Activation of the spiropyran during fracture was assessed via 
optical and in situ fluorescence imaging. The apparent dependence of SP activation on plastic 
deformation reported by other researchers was also investigated by comparing the size of the 
SP activation zone with the size of the region of plastic deformation ahead of the crack tip. 
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Figure 2.1: PMMA polymer network with cross-linker structures. (a) Primary cross-linker: ethylene glycol 
dimethacrylate (EGDMA) (b) Active SP cross-linker (c) Difunctional control SP cross-linker. (Cross-link 
points are marked by     ) 
2.2 Experimental Methods 
2.2.1 Material Synthesis 
Cross-linked PMMA (Figure 2.1) with a cross-link density of 1.0 mol% was prepared by a 
free radical polymerization reaction. Ethylene glycol dimethacrylate (EGDMA) served as the 
primary cross-linker (0.95 mol%) while an acrylate functionalized spiropyran molecule [11] was 
used as the secondary cross-linker (0.05 mol%). Benzoyl peroxide (BPO) was used as the 
reaction initiator and N,N-dimethylaniline (DMA) as the activator. The cross-linked PMMA was 
toughened using 7.3 wt% MBS core-shell rubber nanoparticles (Paraloid EXL 2650a) obtained 
from Dow Chemicals. These nanoparticles possess a butadiene-styrene core and a PMMA shell 
with an average particle diameter of 250 nm. 
Specimens were prepared by combining 15 mg BPO, 2.3 mg spiropyran, 75 mg MBS 
nanoparticles and 1 mL methyl methacrylate (MMA) in a scintillation vial. The mixture was then 
ultra-sonicated for 3 minutes (pulsed 0.2 s on, 0.2 s off) in an ice bath to uniformly disperse the 
core-shell rubber nanoparticles and ensure proper mixing of all components. After sonication, 
the vial was sealed and flushed with argon for 45 seconds. 16.8 μL EGDMA and 6 μL DMA were 
then added to the vial and the vial flushed again with argon for 45 seconds. The mixture was 
subsequently injected into a sealed glass mold of rectangular cross-section and allowed to 
polymerize for 24 hours.  
Transmission Electron Microscope (TEM) images of the polymerized material were 
obtained using a Philips CM200 Transmission Electron Microscope. These images revealed the 
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presence of well-dispersed rubber nanoparticles throughout the SP-PMMA material (see Figure 
2.2). The rubber toughened SP-PMMA material was then cut into 0.9 mm thick rectangular 
specimens with gage dimensions of 28 x 5 mm (see Figure 2.3a). The specimens were then 
tabbed at both ends with heavy gage paper and placed under a 532 nm wavelength LED light 
for ca. 24 hours to drive virtually all the mechanophores to the closed SP (colorless) form 
before testing.   
 
Figure 2.2: TEM image of rubber toughened SP-PMMA showing rubber nanoparticles dispersed 
throughout the matrix material. 
 
 
Figure 2.3: Specimen geometry and configuration. (a) Initial specimen dimensions (b) SENT specimen 
geometry after prestretch. 
Two types of control specimens were also synthesized using the method described 
above. The first control incorporated a difunctional SP mechanophore (Figure 2.1, structure c) 
as the secondary cross-linker in which the polymer chains are not attached across the central 
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spiro C-O bond and no force activation can occur. The second control was a rubber toughened 
PMMA which contained no SP mechanophore. A third type of specimen was prepared with SP-
linked PMMA, but no rubber nanoparticles were included in order to isolate the effects of 
increased plastic deformation. Details of the synthesis recipes and material properties of all 
four material types can be found in Appendix A and B, respectively. All specimens were 
irradiated with the 532 nm wavelength LED light for 24 hours prior to testing.  
2.2.2 Mechanical Testing 
Single Edge Notch Tension (SENT) tests were performed using a custom-built 
experimental setup that allows simultaneous mechanical testing and in situ full field 
fluorescence monitoring of the specimen gage section [40]. A screw-driven rail table in which 
both grips translate in opposite directions at the same rate was used to ensure that the central 
gage section of the specimens remained in the field of view for fluorescence imaging. Load was 
measured using a 220 N Honeywell Sensotech load cell. Specimens of all four material types 
were first prestretched to approximately 35% axial strain at a displacement rate of 5 μm/s in 
order to improve alignment and activation of the SP during SENT testing.  After prestretching, 
the specimens were notched to a depth of approximately 1.5 mm at the center of the gage 
section with a razor blade yielding a normalized crack length (a/W) of ca. 0.3 (see Figure 2.3b). 
Specimens were then irradiated with the 532 nm LED light for 24 hours. After irradiation, the 
notched specimens were tested to failure at a displacement rate of 5 µm/s. Applied load and 
displacement data were collected every 0.5 seconds.  
2.2.3 Fluorescence and Optical Imaging 
A full field fluorescence imaging setup adapted from the work of Beiermann and co-
workers [40] was used to capture fluorescence images of the specimens’ gage sections during 
SENT testing at 5 second intervals (see Figure 2.4). A CrystaLaser 532 nm diode laser was used 
to excite the specimens at a fixed laser power of 800 µW. The emitted light from the specimens 
was then passed through a focusing lens and a long pass filter (>575 nm) so that only 
fluorescence would be transmitted to a color CCD detector (AVT Stingray model F-125C). The 
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fluorescence intensity value for each image was defined as the average red channel intensity of 
the CCD over the entire field of view of the specimen.  
 Optical images of all specimen types were also acquired before and after testing using a 
Canon EOS-1Ds Mark I SLR digital camera with a Canon 65mm macro lens. The fracture surfaces 
of the rubber toughened SP-PMMA specimens were imaged with a Philips XL30 ESEM-FEG field 
emission environmental Scanning Electron Microscope (SEM).  
 
Figure 2.4: Experimental setup for mechanical testing and in situ full field fluorescence imaging. Adapted 
from  [40]. 
2.2.4 Plastic Zone Size Measurements 
The length (or size) of the plastic zone (rplastic) is the distance from the crack tip to the 
boundary of the plastic zone measured along the crack axis (that is, at an angle of 0o from the 
crack tip). Irwin proposed that the effect of plasticity at a crack tip caused the material in that 
region to behave as though the crack were longer than its actual size [86]. Irwin’s plastic zone 
was thus modeled as a circle with the edge of the extended crack acting as the circle’s center. 
For the specimens in this work (tested under plane strain conditions) the plastic zone size was 
calculated as, 
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where the yield stress (σY) was obtained from tensile tests of prestretched specimens. Stress 
intensity factor (KI) values were obtained from the SENT test results using,  
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where P is the applied load, a is the crack length, W is the specimen width and t is the specimen 
thickness [87]. 
2.2.5 Activation Zone Size Measurements 
Preliminary analysis of the fluorescence images acquired during SENT testing revealed 
approximately circular regions of SP activation ahead of the crack tip. Thus, three measures of 
activation zone size were obtained; the length and width of the activation zone and also an 
equivalent activation zone size obtained by assuming the activation zone is perfectly circular. 
Analysis of the fluorescence images was performed using the image processing software Image 
JA (version 1.45b). The length of the activation zone (lact) in each image was obtained by 
performing a red channel intensity line scan from the specimen crack tip to the edge of the 
specimen measured along the crack propagation direction. The limit of this activation zone was 
taken as the location at which the red channel intensity was at least 1 standard deviation above 
the background intensity level. The value of lact for each image was then calculated as the 
distance between the current crack tip and the activation zone limit (see Figure 2.5a, 2.5d).  
The width of the activation zone (wact) was then determined by performing line scans 
perpendicular to the crack axis to find the widest region of activation. Again, the limits of 
activation were defined as the positions where the red channel intensity was at least 1 standard 
deviation above the background intensity (see Figure 2.5b, 2.5e). 
To obtain the equivalent activation zone size (ract), the region of the image ahead of the 
crack tip was analyzed with a threshold set to 1 standard deviation above the background 
intensity. The total number of pixels above the threshold was then equated to the area of a 
circular activation zone with diameter ract (see Figure 2.5c).  The various measures of activation 
zone size were then compared to the calculated values of rplastic to investigate the relationship 
between SP activation and plastic deformation ahead of the crack tip. 
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Figure 2.5: Schematics of activation zone size measurements. (a) Fluorescence image during SENT 
testing showing activation zone length (lact) definition. (b) Fluorescence image during SENT testing 
showing activation zone width (wact) definition. (c) Fluorescence image during SENT testing showing 
equivalent activation zone size (ract) definition. (d) Red intensity plot for activation zone length 
measurement. (e) Red intensity plot for activation zone width measurement.  
        
2.3 Results and Discussion              
2.3.1 Mechanical Testing 
Prestretching the specimens prior to SENT fracture testing increased the degree of 
mechanophore activation. This phenomenon was demonstrated in the work by Beiermann et 
al. where maximum fluorescence intensity was previously observed for mechanically activated 
SP-PMMA when the merocyanine (MC) molecules were aligned in the direction of applied 
tensile force [88].  The noticeable improvement in activation with prestretching (Figure 2.6) is a 
result of chain alignment in the direction of applied force which coincides with the predominant 
Mode-I tensile loading of the crack tip during SENT testing. Specimens were prestretched to 
a 
e d 
b c 
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35% axial strain as this was the maximum applied strain to which all specimens could be 
consistently prestretched without material failure.  
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Figure 2.6: Change in fluorescence intensity versus strain data for rubber toughened SP-PMMA SENT 
specimens showing the difference in intensity between a prestretched specimen (35% axial strain) and a 
specimen with no prestretch. 
Representative plots of applied load versus displacement for SENT tests of the rubber 
toughened specimens are depicted in Figure 2.7.  All material types show initial linear elastic 
behavior up to a defined yield peak before subsequent failure. The calculated critical stress 
intensity factor (KIc) for the rubber toughened SP-PMMA (2.1 MPa-m
1/2) was expectedly higher 
than that of the non-toughened SP-PMMA (1.6 MPa-m1/2) due to the toughening effect of the 
rubber nanoparticles.  
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Figure 2.7: Representative mechanical behavior of the rubber toughened specimens during SENT tests. 
Specimens were tested at a displacement rate of 5 µm/s. 
 Visible activation along the crack of the rubber toughened SP-PMMA was observed (see 
Figure B.1 in Appendix B). No visible activation was observed, however, for the untoughened 
SP-PMMA specimens or for the controls where the polymer chains were either not attached 
across the spiro bond or the SP molecule was absent altogether. The enhanced SP activation in 
the rubber toughened SP-PMMA specimens is presumably the result of increased plastic 
deformation afforded by the presence of the rubber nanoparticles. Examination of the fracture 
surface of a rubber toughened SP-PMMA specimen after SENT testing by SEM revealed a large 
number of voids on the surface indicative of cavitation of the rubber nanoparticles (Figure 
2.8a). Cavitation initiates large-scale shear yielding of the polymer [83, 84, 89, 90] and results in 
improved mechanophore activation for SP-PMMA during fracture testing. An SEM image of the 
fracture surface of an untoughened SP-PMMA specimen obtained after SENT testing is shown in 
Figure 2.8b. Here, the surface is relatively smooth in contrast to that of the rubber toughened 
SP-PMMA with no evidence of cavitation since these specimens contained no rubber 
nanoparticles. 
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Figure 2.8: SEM images of fracture surface of SP-PMMA after SENT tests (a) Fracture surface of rubber 
toughened SP-PMMA showing rubber nanoparticle cavitation (b) Fracture surface of untoughened SP-
PMMA with no cavitation present. 
2.3.2 Fluorescence Analysis  
An increase in fluorescence intensity with increasing strain was observed for the rubber 
toughened SP-PMMA specimen (Figure 2.9a). The fluorescence images in Figure 2.9b show 
initiation of SP activation at the crack tip and then a growing region of fluorescence (activation 
zone) as crack propagation progressed. The full field fluorescence intensity also increased 
monotonically until complete failure of the specimen.  
 
 
 
 
a b 
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Figure 2.9: SP activation response of rubber toughened SP-PMMA. (a) Stress versus strain data 
correlated with change in fluorescence intensity for rubber toughened SP-PMMA during SENT testing. 
(b) Sequence of fluorescence images of rubber toughened SP-PMMA specimen during SENT test 
showing evolution of fluorescence with crack propagation. The images are numbered according to their 
position on the stress versus strain plot in (a). Scale bars: 2 mm. 
The change in fluorescence intensity for the rubber toughened specimens is shown in 
Figure 2.10. Analysis of the fluorescence images of the untoughened SP-PMMA specimens (not 
shown) revealed a slight increase in fluorescence intensity near failure suggesting a small 
amount of SP activation near failure. In contrast, the toughened SP-PMMA shows a large 
increase in fluorescence intensity that initiates beyond ca. 2% strain. This result supports the 
hypothesis that the inclusion of rubber nanoparticles increased plastic deformation during 
mechanical testing and improved the degree of mechanophore activation. No change in 
fluorescence intensity is observed for the rubber toughened difunctional control, confirming 
that the SP activation in the SP-linked specimens is the result of mechanical loading alone and 
not UV irradiation or heat [11].  As expected, no fluorescence signal is detected for the rubber 
toughened PMMA specimens since these specimens contained no SP molecules.  
a/W = 0.3 a/W = 0.5 a/W = 0.6 a/W = 1.0 
a 
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Figure 2.10: Representative activation response of rubber toughened specimens during SENT test. 
2.3.3 Activation Zone Size and Plastic Zone Size Analysis   
The width, length and equivalent size of the activation zone were measured using the 
method described in Section 2.2. Initially, all three measures of activation zone increase linearly 
with normalized crack length (see Figure 2.11a). As the crack propagates, however, there is a 
noticeable plateau in the activation zone length (lact) as the size of the remaining ligament in 
the specimen (i.e. W-a) becomes smaller until reaching the physical limit of the specimen. This 
trend was not observed for the activation zone width (wact) because the region available for 
activation in that direction is not limited by specimen dimensions.  The size of the equivalent 
activation zone (ract) is at first coincident with both length and width measurements validating 
the assumption of a perfectly circular activation zone. With further crack growth, the equivalent 
activation zone size then falls between the activation zone length and width measurements. 
The equivalent activation zone size continues to increase with increasing crack propagation and 
is selected as the best representative measure of the size of the activation zone in subsequent 
data analysis.   
A comparison of activation and plastic zone sizes reveals an initial linear increase in 
activation zone size with increasing plastic zone size (Figure 2.11b). The slope of this linear 
region is 0.99. Two key points regarding fracture-induced mechanophore activation are drawn 
from these results. Firstly, SP activation occurs when there is some measure of plastic 
deformation in the material. This suggests that sufficient mobility of the polymer chains, which 
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gives rise to plastic deformation, is necessary to break the spiro C-O bonds and activate the SP 
cross-linkers. Secondly, there is near perfect correlation between the activation zone and 
Irwin’s plastic zone prediction demonstrating a linear relationship between the increase in 
plasticity and the activation of SP. Beyond the physical limit of the plastic zone imposed by 
specimen dimensions (shown in Figure 2.11b), minimal increases in activation zone size were 
observed.  
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Figure 2.11: Effect of crack growth and plastic deformation on SP activation for rubber toughened SP-
PMMA. (a) Activation zone size as a function of normalized crack length. (b) Correlation of activation 
zone size with plastic zone size. Error bars reflect one standard deviation of data.  
 
2.4 Conclusions 
Fracture-induced mechanophore activation was achieved in rubber toughened PMMA 
cross-linked with the mechanophore spiropyran. Specimens of cross-linked SP-PMMA 
toughened with core-shell rubber nanoparticles were fabricated and the response of the SP 
mechanophore during SENT testing was examined. A custom-built experimental setup was used 
which allowed for simultaneous mechanical testing and in situ full field fluorescence imaging.  
SP activation was observed during fracture and the region of activation along the crack 
was shown to increase in size and intensity with increasing crack length. The size of the 
activation zone was linearly related to the plastic zone size for moderate crack lengths, 
a b 
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indicating an increase in SP activation with increasing plastic deformation ahead of the crack 
tip.  
Mechanophore activation has potential for damage sensing in glassy bulk polymers and 
as an indicator of plastic deformation occurring ahead of the crack tip. Fracture-induced 
mechanophore activation may also prove to be a unique experimental method for a more 
detailed analysis of the fracture mechanics in rubber toughened elastic polymers. In addition to 
providing a measure of plastic deformation, the size and intensity of mechanophore activation 
can potentially be used to estimate the strain and stress fields ahead of a propagating crack. 
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Chapter 3 
Spiropyran Activation as an in situ Strain Indicator in Rubber 
Toughened PMMA 
3.1 Introduction 
Recent advances in solid state mechanochemistry have enabled the design of stress-
responsive polymers through the incorporation of force-sensitive molecules (mechanophores) 
into polymer backbones and as cross-linkers between polymer chains [11, 16, 17, 19, 22, 91]. 
The mechanophore spiropyran (SP) has attracted much interest due to its vibrant, forced-
induced changes in color as it converts from the colorless spiropyran to the highly colored and 
fluorescent merocyanine [11, 39-41, 88]. Spiropyran has been incorporated into various bulk 
polymers and its response to matrix deformation evaluated [11, 39-41]. In all reported cases, 
the mechanochemical response of the SP has been directly related to the degree of 
deformation in the host polymer. The degree of activation of the SP is highest when the matrix 
undergoes large scale deformation. Such a relationship between polymer deformation and SP 
activation suggests that SP activation can be used as an in situ strain and/or stress sensor and 
also as an indicator of damage in the matrix. 
The damage sensing potential of these mechanophore-linked polymers was investigated 
in Chapter 2 through fracture tests of poly(methyl methacrylate) (PMMA) cross-linked with the 
mechanophore spiropyran. In that study, a crack was allowed to propagate through rubber 
toughened spiropyran-linked PMMA specimens, and a region of fluorescence ahead of the 
crack tip was observed to increase in both size and intensity during crack propagation. The 
increase in fluorescence intensity signified an increase in the SP mechanophore activation with 
crack growth. Comparisons between the size of the region of fluorescence (the activation zone) 
and the size of the region of plastic deformation (the plastic zone) revealed a linear relationship 
between the two zones for moderate crack lengths. This correlation between activation zone 
size and plastic zone size supports the hypothesis that a direct relationship exists between 
mechanophore activation and plastic deformation in bulk polymers [39, 40].  
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The spiropyran activation observed during fracture of rubber toughened SP-PMMA 
suggests that mechanophore activation can be used to identify damage in an elastic polymer. 
Further investigation is needed, however, to determine the nature of the relationship between 
SP activation and the actual strain and/or stress fields in the damage zone. In order to ascertain 
this relationship, the strain and stress fields present during crack propagation must be 
computed and then compared with the fracture-induced activation zone of the rubber 
toughened SP-PMMA.  
3.1.1 Strain Fields 
One approach that is widely used to accurately measure the strain fields in a material is 
the Digital Image Correlation (DIC) method. DIC is a well-established optical imaging technique 
that enables full field measurements of displacements and subsequent calculations of strains to 
be made on the surface of a specimen undergoing deformation [92, 93]. The governing 
principle of this non-contact technique is that the displacement of any point (or pixel) on a 
specimen can be found by maximizing a correlation coefficient of the gray scale intensity values 
of images captured before and after deformation for a region around that point [92-94]. 
Advantages of DIC over other strain measurement methods include relatively simple 
experimental setup and specimen preparation, minimal requirements for the measurement 
environment [93] and scale independence [92, 95, 96]. The DIC method was used in this work 
to determine the displacement and resulting strain fields ahead of a propagating crack during 
fracture tests of rubber toughened PMMA cross-linked with the spiropyran mechanophore.  
3.1.2 Stress Fields 
 Rubber toughened SP-PMMA is an elastic-plastic material and exhibits strain-hardening 
behavior. Therefore, the Hutchinson-Rice-Rosengren (HRR) singularity field solutions for elastic-
plastic materials must be used to determine the stress fields ahead of the crack tip [97, 98]. The 
HRR field solution assumes a small deformation theory of plasticity and incorporates the stress-
strain relation for an elastic-plastic material,                                                         
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where ε is the strain, σ is the applied stress, α is a dimensionless material parameter, n is the 
strain hardening exponent, σY is the material yield stress and εY is the material yield strain [99].  
The field solution also involves the von Mises’ yield criterion 
                                                                       ijije  
2
3
                                                                  (3.2) 
where σe is the effective stress and ij  is the stress deviator.  
The HRR near tip singularity field solution for stress is given by 
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where J is the J contour integral, In is a dimensionless parameter, r is the distance from the 
crack tip, ),(ˆ nij   is a dimensionless function of  and n, and  is the polar angle.  
The J contour integral is a measure of the intensity of the near tip deformation [100] 
and it controls the amplitude of the HRR singularity fields. It is calculated based on the stress 
intensity factor, material properties and loading parameters (see detailed equations in 
Appendix C). In is dependent on the value of the strain hardening exponent, n, and whether 
plane stress or plane strain conditions exist. The function ),(ˆ nij   is chosen to satisfy the 
independent von Mises stress-strain relation and the strain hardening law [98]. Values of 
),(ˆ nij  have been tabulated by Shih for select values of  and n [101].  
Stress fields for the rubber toughened SP-PMMA were generated using the HRR singular 
field solution which incorporates material properties, loading conditions and specimen 
dimensions. Data analysis was restricted to within the HRR and elastic fields where the small 
strain assumption is valid. 
The focus of the work in this chapter was to investigate the relationship between 
fracture-induced SP mechanophore activation and the corresponding strain and/or stress fields 
ahead of the crack tip. Fracture tests of rubber toughened SP-PMMA specimens were 
performed using the Single Edge Notch Tension (SENT) test. Strain fields were obtained via DIC, 
while stress fields were generated through the use of the HRR singularity stress field equation. 
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The strain and stress fields were then compared to the SP activation zone to determine the 
relationship between strain, stress and SP mechanophore activation. 
3.2 Experimental Methods 
3.2.1 Specimen Fabrication 
Cross-linked SP-PMMA (1 mol% cross-link density, 0.05 mol% SP) toughened with 7.3 
wt% Paraloid EXL 2650a commercial rubber (MBS) nanoparticles was synthesized using the 
method described in Chapter 2. The cross-linked SP-PMMA was synthesized via free radical 
polymerization with ethylene glycol dimethacrylate (0.95 mol%) and spiropyran (0.05 mol%) 
serving as the cross-linkers. Ultra-sonication was used to uniformly disperse the MBS 
nanoparticles throughout the SP-PMMA matrix. The rubber toughened material was allowed to 
polymerize for 24 hours within a sealed glass mold of rectangular cross-section.  
After polymerization, the rubber toughened SP-PMMA material was cut into 0.9 mm 
thick rectangular specimens with gage dimensions of 12 x 5 mm. All specimens were tabbed 
with heavy gage paper and then irradiated with 532 nm light for 24 hours to drive all the 
mechanophores to the closed (colorless) SP form in preparation for tensile and SENT testing.  
3.2.2. Tensile Testing 
In order to determine the mechanical properties of the rubber toughened SP-PMMA, a 
series of tensile tests were performed on rectangular specimens of the material. After 
irradiation with the 532 nm light, specimens were prestretched to approximately 35% axial 
strain using the mechanical testing/optical imaging setup described in Beiermann et al. [40] 
(see Figure 2.4). This setup consisted of a screw-driven rail table in which both grips translated 
in opposite directions at the same rate to ensure that the central gage section of the specimens 
remained in the field of view for fluorescence imaging. A displacement rate of 2 µm/s was used 
to match the strain rate (~ 0.18 x 10-3 s-1) used in earlier experiments in Chapter 2. Prestretching 
was done to pre-align the SP molecules in the direction of applied force which has been shown 
to enhance SP activation during fracture [102].  
After the initial tensile test, the specimens were irradiated with 532 nm light for 12 
hours. A black paint speckle pattern for DIC imaging was then applied to one surface of the 
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specimens using an Iwata Custom Micron-B airbrush. The quality of the speckle pattern on the 
specimen surface was critical to the accuracy of the DIC since the displacement of the speckle 
pattern facilitates measurements of the displacement of the material points [92, 95]. A 
representative high quality speckle pattern is shown in Figure 3.1.   
 
Figure 3.1: Airbrushed speckle pattern on surface of a specimen of rubber toughened SP-PMMA. 
The specimens were then irradiated for a further 24 hours before performing a second 
tensile test until specimen failure. This second tensile test was performed at the same 
displacement rate (2 µm/s) using a modified version of the mechanical testing/optical imaging 
setup from Beiermann et al. [40] shown in Figure 3.2. This modified setup allowed for 
mechanical testing, as well as, sequential speckle pattern and fluorescence imaging in order to 
collect both DIC and fluorescence data.  
Throughout the entire test, a CrystaLaser 532 nm diode laser was shone through the 
specimen to excite the mechanophore molecules. During DIC imaging, a white light source 
shone directly onto the specimen and the CCD detector collected images of the illuminated 
speckle pattern on the specimen surface. For fluorescence imaging, the white light source was 
shuttered, leaving only the laser to excite the fluorescent merocyanine molecules and only light 
emitted from the specimen (at wavelengths > 575 nm) was collected. The results of this second 
tensile test provided the data needed to determine the mechanical properties of the 
prestretched rubber toughened SP-PMMA.  
y 
x 
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Applied load and displacement data were collected every 0.1 seconds while speckle 
pattern and fluorescence images were captured every 30 seconds with a 1-second interval 
between the capture of each image type. A representative plot of true stress vs true strain for 
the prestretched material showing the strain hardening behavior is presented in Figure D.1 in 
Appendix D.  
 
             
Figure 3.2: Experimental setup for mechanical testing and sequential DIC and fluorescence imaging. (a) 
White light source irradiating specimen for DIC imaging (b) White light source shuttered for fluorescence 
imaging. Adapted from [40]. 
3.2.3 SENT Testing 
Rectangular specimens of the rubber toughened SP-PMMA which had been irradiated 
with 532 nm light for 24 hours were first pre-stretched to ca. 35% axial strain. After 
prestretching, the specimens were notched with a razor blade and irradiated with 532 nm light 
for 12 hours. A speckle pattern of black paint was then applied to one surface of each specimen 
and the specimens irradiated for a further 24 hours to ensure all the merocyanine molecules 
had reverted to the spiropyran form before further mechanical testing.  
Single Edge Notch Tension (SENT) tests were performed using the modified tensile 
testing/imaging setup shown in Figure 3.2. The displacement rate was maintained at 2 µm/s. 
Applied load and displacement data were collected every 0.1 seconds. Speckle pattern and 
fluorescence images were captured every 10 seconds with a 1-second interval between the 
capture of each image type. For each specimen, the experiment was stopped before specimen 
a b 
30 
 
failure. Rubber toughened SP-PMMA specimens with no applied speckle pattern were also 
tested and their change in fluorescence intensity with distance from the crack tip was 
compared to that of the specimens with applied speckle patterns. 
The fluorescence images captured during the SENT tests were analyzed using the image 
processing software ImageJA (version 1.45b). The red channel intensity of each pixel within the 
images was extracted and these intensity values used for fluorescence analysis. 
3.2.4 Data Analysis 
3.2.4.1 Strain Fields 
The speckle pattern images generated during testing (measuring 1388 x 1038 pixels) 
were imported into the Vic-2D (version 2009) commercial software package to obtain 
displacements and displacement gradients (strains). A subset size of 41 pixels (103.5 µm) and a 
step size of 5 pixels (12.6 µm) were used for the analysis of all images. The subset size is the size 
of the interrogation window while the step size is the distance between one side of a subset 
and the corresponding side of the previous subset. To reduce the effects of aliasing, a 
phenomenon caused by the presence of very fine speckles, a low pass filter was employed 
during the correlation step. The resulting Lagrangian strain data was then exported from Vic-2D 
to MATLAB (version R2012b) for further data analysis.   
The strain data acquired from the tensile tests were used to determine the mechanical 
properties of the rubber toughened SP-PMMA. The methods used to determine these 
properties, as well as a summary of their values can be found in Appendix B. 
The strain data acquired from the SENT tests were used for comparisons between the 
strain, stress and fluorescence intensity fields. The Lagrangian strain exported from Vic-2D was 
used to calculate the equivalent strain (Eeqv) 
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Contour plots of the equivalent strain were then generated as illustrations of the strain 
fields around the propagating crack. The equivalent strain data was also used for subsequent 
data analysis.  
3.2.4.2 Stress Fields 
Stress fields ahead of the crack tip were calculated using the HRR singularity stress field 
equation (Equation 3.3). The total J contour integral, J, was determined as the sum of the elastic 
J integral (Jel) and the plastic J integral (Jpl) [103]. The equations used to determine Jel and Jpl are 
detailed in Appendix C. The values for the dimensionless function ),( nij 
  were obtained from 
the plane strain HRR singular field quantities table formulated by Shih based on the strain 
hardening exponent (n) for this material system [101]. The equivalent stresses (σeqv) were then 
calculated using Equation 3.5. Contour plots of the equivalent stress fields during crack 
propagation were also generated for each measure of crack growth. 
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3.2.4.3 Comparisons between Fluorescence Intensity, Strain and Stress 
Vertical line scans were performed on the red intensity, equivalent strain and equivalent 
stress fields for various values of crack advance (Δa). Due to the small strain assumption of the 
HRR singularity field equations, the accuracy of the HRR stress field is limited to regions ahead 
of the crack tip where the plastic zone is small compared to the size of the remaining ligament. 
As a result, the HRR field is only valid at distances that are typically greater than 3δt from the 
crack tip, where δt is the crack tip opening displacement (CTOD) [100, 104]. The CTOD is the 
opening separation between the two crack faces and is a measure of the extent of the 
deformation ahead of the crack tip for a nonlinear elastic material. It is defined as the opening 
distance between the intercept of two 45o lines with the deformed crack profile (Figure 3.3) 
and can be found as 
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where 
n
n
YY Dnd
1
)(),(    and Dn is a dimensionless coefficient that depends on n [101]. 
 
Figure 3.3: Definition of crack tip opening displacement (CTOD), δt, in the deformed crack profile. 
Therefore, line scans of all three variables originated at a distance of 3δt from the crack 
tip (i.e. within the HRR field) and extended to the edge of the image in the vertical direction 
(see Figure 3.4). The line scan data, which represented the magnitude of each variable as a 
function of distance from the crack tip, was then fit to a power law model using least squares 
regression analysis. The power law model was chosen based on the HRR singularity field 
equations which predict a power law relationship between strain (and stress) and the distance 
from the crack tip (r), 
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where   is the power law exponent [97, 98].  
Based on the HRR singularity field formulation,  
                                                       
1

n
n
strain           &          
1
1


n
stress                                       (3.8) 
where n is the strain hardening exponent. 
The magnitude of   as a function of crack advance (Δa) was monitored for each 
variable (fluorescence intensity, strain and stress) and compared across variables. Horizontal 
lines scans perpendicular to the crack axis at a fixed distance of 3δt from the crack tip were also 
performed (see Figure 3.4) and comparisons between the distributions of each variable were 
made.  
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Figure 3.4: Schematic of various measurements used in the data analysis. a: crack length,  Δa: crack 
advance, δt : crack tip opening displacement. 
3.2.5 Activation Strain 
 An activation strain for rubber toughened SP-PMMA was also determined and 
represented the minimum strain required for SP activation. This activation strain was found by 
first obtaining the limits of the SP activation zone; defined as the positions where the intensity 
was at least 1 standard deviation above the background intensity (see Figure 3.5). Red channel 
intensity horizontal line scans were performed on the fluorescence images of each specimen at 
a distance of 3δt from the crack tip.  The intensity data for each image was then fit to a 
Gaussian distribution from which the limits of the activation zone were determined. (The 
Gaussian fit was used to smooth the intensity data.) Horizontal line scans of the strain fields 
were also performed at a distance of 3δt from the crack tip. The activation strain was found as 
the average of the corresponding strain values at the activation zone limits.  
x 
y 
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Figure 3.5: Schematic of activation strain measurement. Fluorescence intensity plot to determine 
activation zone limits overlaid with equivalent strain plot to determine the strain at the activation zone 
limits (i.e. activation strain). 
 
3.3 Results and Discussion 
3.3.1 Fluorescence Results 
A speckle pattern was applied to each SENT specimen to enable DIC imaging in addition 
to fluorescence imaging. The effect of the speckle pattern on the quality of the fluorescence 
intensity data is highlighted in Figure 3.6 where vertical line scans of the intensity as a function 
of distance from the crack tip is shown for a specimen with a speckle pattern and one without 
an applied speckle pattern. In both cases, the crack advance through the specimen is the same 
(Δa =0.4 mm). While the distribution of the intensity is similar for both specimens in that they 
both follow a power law decay, there is less scatter in the data for the specimen without the 
applied speckle pattern. Therefore, all line scan analyses (vertical and horizontal) utilized data 
from SENT specimens with no applied speckle pattern but with the same measures of crack 
propagation.                                                 
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Figure 3.6: Effect of speckle pattern on fluorescence intensity (Δa = 0.4 mm). Absolute intensity versus 
normalized distance from the crack tip for specimens with and without an applied speckle pattern fit to 
a power law decay.  
A representative spatial plot of the fluorescence intensity for a specimen at Δa = 0.4 mm 
is shown in Figure 3.7. The first observation that can be made is that the strongest fluorescence 
signal is evident along the propagated crack, as well as in the region ahead of the crack tip 
indicating fracture-induced SP activation. Second, the region closest to the crack exhibits the 
highest fluorescence intensity which signifies a higher degree of mechanophore activation 
closer to the crack.  
 
Figure 3.7 Representative intensity spatial plot for a SENT specimen at Δa = 0.4 mm. Scale bar: 0.5 mm. 
 Vertical line scans of the fluorescence intensity were performed from a distance of 3δt 
from the crack tip and extending to the edge of the image in the vertical direction. The results 
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for one specimen at different stages of crack propagation are shown in Figure 3.8. For a crack 
advance of Δa = 0.2 mm, the intensity within the HRR field is observed to follow a power law 
decay (Figure 3.8a). The effect of crack growth on the intensity distribution is highlighted in 
Figure 3.8b. There is a subtle increase in intensity with crack growth. While the power law 
decay is maintained, the exponent increases with increasing crack growth as evidenced by the 
increase in the rate of decay. 
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Figure 3.8: Distribution of fluorescence intensity along crack axis. (a) Fluorescence intensity versus 
normalized distance from crack tip for Δa = 0.2 mm (b) Fluorescence intensity versus normalized 
distance from crack tip for Δa = 0.2, 0.3 and 0.4 mm 
3.3.2 Equivalent Strain Results 
 A representative spatial plot of the equivalent strain of a specimen at a crack advance of 
Δa = 0.4 mm is shown in Figure 3.9. As expected, the region ahead of the crack tip experiences 
the largest strain. There is also a double-lobed distribution of strain in the deformed region 
near the crack tip (plastic zone) which is indicative of plane strain conditions existing near the 
crack tip [103]. Further away from the crack tip, the strain is significantly lower and uniform.  
a b 
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Figure 3.9 Representative equivalent strain spatial plot for a SENT specimen at Δa = 0.4 mm. Scale bar: 
0.5 mm. 
The corresponding vertical line scan results of equivalent strain for the same specimen are 
shown in Figure 3.10. The equivalent strain is highest near the crack tip and then decays further 
away from the tip. Similar to observations for the fluorescence intensity, the equivalent strain 
follows a power law decay along the crack axis. In Figure 3.10b, one observes an increase in 
strain as the crack propagates. 
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Figure 3.10: Distribution of equivalent strain along crack axis. (a) Equivalent strain versus normalized 
distance from crack tip for Δa = 0.2 mm (b) Equivalent strain versus normalized distance from crack tip 
for Δa = 0.2, 0.3 and 0.4 mm 
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3.3.3 Equivalent Stress Results 
  A contour plot of equivalent stress for the same specimen described in Figure 3.9 was 
acquired via the HRR singularity field equation and is shown in Figure 3.11. The shape of this 
distribution matches that of the experimentally determined equivalent strains with a double-
lobed high stress distribution near the crack tip and decreasing values of stress in the regions 
further away from the tip.  
 
Figure 3.11 Representative equivalent stress spatial plot for a SENT specimen at Δa = 0.4 mm. Scale bar: 
0.5 mm. 
 While the distribution of the equivalent stress also follows a power law decay, the 
vertical line scan results highlight barely minimal increases in stress with crack growth (Figure 
3.12b). The small changes in equivalent stress stem from the use of the HRR formulation of the 
stress field and the small changes in crack length for the crack advance values used. Recall the 
equation for stress (σ) is  
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where J is the J contour integral, r is the distance from the crack tip, n is the strain 
hardening exponent and A and k are material constants.  
 For the material system investigated, the change in the value of J as Δa increases from 
0.2 to 0.4 mm is small, ~ 2 N/mm. This results in very small changes in the equivalent stress as 
the crack propagates from Δa = 0.2 to 0.4 mm as shown in the plots in Figure 3.12b. 
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Figure 3.12: Distribution of equivalent stress along crack axis. (a) Equivalent stress versus normalized 
distance from crack tip for Δa = 0.2 mm (b) Equivalent stress versus normalized distance from crack tip 
for Δa = 0.2, 0.3 and 0.4 mm 
3.3.4 Correlation between Fluorescence Intensity, Strain and Stress 
 In Figure 3.13 the vertical line scan results for normalized fluorescence intensity, 
equivalent strain and equivalent stress initiating at a distance of 3δt from the crack tip and at a 
crack advance (Δa) of 0.16 mm are combined. All three variables - fluorescence intensity, strain 
and stress – are observed to follow a power law decay within the HRR field. The distribution of 
the fluorescence intensity appears to decay at a rate closer to that of the strain than the stress. 
This suggests a closer dependence of SP activation on strain than on stress.  
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Figure 3.13: Comparison of fluorescence intensity, strain and stress distribution along the crack axis for 
Δa = 0.16 mm.  
To further investigate the difference in the decay rates between the three variables, a 
least squares regression fit analysis was performed on the data collected for all specimens (with 
applied speckle pattern) at each value of Δa. The power law exponent (  ) at each value of 
crack advance was extracted from the analysis. Figure 3.14 shows the average values of   for 
strain and fluorescence intensity as a function of Δa across all specimens. The power law 
exponent for equivalent strain remains fairly constant with crack advance, Δa, with a slight 
increase at Δa = 0.4 mm. The experimental average value of   for strain calculated from the 
data is 0.70. This is lower than the HRR analytical value ( strain ) of 0.862 determined using 
Equation 3.8.   for fluorescence intensity also remains constant within error. There is a 
noticeable decrease in the power law exponent at Δa = 0.3 mm but the exponent then 
increases at Δa = 0.4 mm. The HRR analytical value for the power law exponent of stress ( stress ) 
is also shown in Figure 3.14 for comparison. Throughout crack propagation, the value of   for 
fluorescence intensity is observed to be consistently higher than for strain but Intensity  is much 
closer in magnitude to strain  than it is to stress . This suggests that fracture-induced activation is 
more a strain-based phenomenon than a stress based one. 
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Figure 3.14: Power law exponent (  ) as a function of crack advance (Δa) for fluorescence intensity and 
strain. The HRR analytical value for stress ( stress ) is shown for comparison. Error bars reflect one 
standard deviation of data. 
Horizontal line scan results for the same conditions as in Figure 3.14 are shown in Figure 
3.15. Here, we observe that the largest values of each variable exist near the crack tip as was 
determined qualitatively from the plots in Figures 3.7-3.12. Also, while the decrease in strain 
and stress as horizontal distance from the crack tip increases is gradual, the decrease for 
fluorescence intensity is much more abrupt. Such a significant decrease in intensity away from 
the crack tip alludes to a threshold strain (or stress) required for SP activation. 
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Figure 3.15: Comparison of fluorescence intensity, strain and stress perpendicular to the crack axis for 
Δa = 0.16 mm. Data was collected at a distance of 3δt from the crack tip. 
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3.3.5 Activation Strain                                      
The distribution of fluorescence intensity more closely matches that of equivalent strain 
both along the crack axis and perpendicular to the axis. As a result, a threshold strain for SP 
activation (activation strain) was sought. Horizontal line scans of the fluorescence intensity at a 
distance of 3δt from the crack tip were performed on the fluorescence images of specimens 
with speckle pattern to obtain the in situ activation zone limits. A representative plot of the 
intensity data as a function of horizontal distance across the specimen is shown in Figure 3.16a 
with an approximate Gaussian distribution overlaid. In Figure 3.16b, the corresponding strain 
data for the specimen obtained from a horizontal line scan of equivalent strain is plot alongside 
the Gaussian fit intensity data. The activation zone limits are highlighted, as well as the 
equivalent strain at these limit points (activation strain). The activation strain for all specimens 
was determined and an average activation strain of 7.11 + 2.93% was calculated. Gaussian-fit 
plots of fluorescence intensity for all specimens are shown in Figure D.2 in Appendix D. 
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Figure 3.16: Activation zone and activation strain measurements. (a) Representative plot of raw intensity 
data and Gaussian fit as a function of horizontal distance from the crack tip. (b) Representative plot of 
strain and intensity as functions of horizontal distance from the crack tip with the activation strain 
highlighted. 
The activation strain of approximately 7% is the minimum strain ahead of the crack tip 
necessary for SP activation during fracture of rubber toughened SP-PMMA. This is much lower 
than previously reported for cross-linked SP-PMMA tested under torsion (~ 45% shear strain) 
b a 
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[39] and highlights the effect of  loading conditions on SP activation response and also the 
benefits of rubber toughening and pre-alignment of the SP molecules prior to testing. 
3.4 Conclusions  
The relationship between fracture-induced mechanophore activation in rubber 
toughened SP-PMMA and the corresponding strain and stress fields ahead of the crack tip was 
investigated. Strain data was acquired through Digital Image Correlation (DIC) analysis while 
stress fields were generated by incorporating the material properties, loading conditions and 
specimen dimensions into the HRR singularity stress field equation. 
A qualitative comparison between fluorescence intensity, strain and stress revealed that 
the highest degree of SP activation occurred in regions which experienced the highest strain 
and stress. Scans of the SP activation zone showed a power law distribution of fluorescence 
intensity with distance from the crack tip similar to that observed for strain and stress. The 
distribution of the intensity was found to be more closely aligned to strain than stress which 
suggests that fracture-induced SP activation is a strain based phenomenon. Additionally, the 
minimum strain required for SP activation (i.e. the activation strain) was calculated as 7% which 
is much lower than previously reported for cross-linked SP-PMMA tested under different 
loading conditions. Fracture-induced SP activation in rubber toughened SP-PMMA therefore 
provides a reliable model not only for deformation but also for the strain fields ahead of a 
propagating crack. 
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Chapter 4 
Mechanophore Activation in Spiropyran-Linked Core-Shell Rubber 
Nanoparticles 
4.1 Introduction 
Previous work has demonstrated the potential of using SP activation as a damage 
detection tool in structural polymers. In this chapter, the mechanophore spiropyran was placed 
within the core of core-shell rubber nanoparticles and its activation response was examined.  
SP-linked core-shell rubber nanoparticles were synthesized using a seeded emulsion 
polymerization technique adapted from the work of Cho et al. [81]. Seeded emulsion 
polymerization is a widely used technique for creating monodisperse, core-shell nanoparticles 
of desired shape and morphology [105, 106]. A schematic of a core-shell nanoparticle with a SP-
linked rubber core and rigid PMMA shell is shown in Figure 4.1.The resulting SP-linked rubber 
nanoparticles were then incorporated into cross-linked PMMA. Kingsbury and co-workers have 
demonstrated a monotonically increasing activation of SP with shear strain during room 
temperature torsion tests of cross-linked SP-PMMA [39]. Using their test results as a 
benchmark for SP activation, specimens of cross-linked PMMA toughened with SP-linked 
rubber nanoparticles were subjected to constant strain rate torsion tests. The activation of SP 
within the rubber core was investigated and compared with that of SP placed in the bulk 
matrix. 
 
                              
Figure 4.1 Schematic of core-shell nanoparticle with a SP-linked rubber core and rigid PMMA shell. 
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4.2 Experimental Methods 
4.2.1 Synthesis of SP-linked Core-Shell Rubber Nanoparticles 
    SP-linked core-shell rubber nanoparticles were synthesized using a seeded emulsion 
polymerization technique. In this technique, “seed particles” of the rubbery core are first 
formed and then grown to the required size. The rubbery core consisted of poly(butyl acrylate) 
(PBA) cross-linked with spiropyran (0.05 mol%), styrene and ethylene glycol dimethacrylate 
(EGDMA). The shell was cross-linked PMMA. 
    The emulsion polymerization was performed in a sealed, 3-neck round bottom flask 
(reaction vessel) with ports for nitrogen purging and emulsion addition. The reaction vessel was 
suspended in a silicone oil bath at 80 oC which was stirred at 300 rpm throughout the reaction. 
The recipe for the preparation of the core-shell nanoparticles is detailed in Table A.2 in 
Appendix A. The initiator, 4,4’-azobis-(4-cyanopentanoic acid) (ABCA), was first combined with 
deionized (DI) water in the reaction vessel. The reaction vessel was then purged with nitrogen 
(N2) and this purging continued throughout the entire polymerization process. Spiropyran, 
sodium dodecyl sulfate (SDS), butyl acrylate, styrene and EGDMA were then combined with DI 
water in a vial to form the pre-emulsion. SDS served as the emulsifier while EGDMA served as 
the primary cross-linker. The vial was then sealed, agitated slightly and flushed with argon for 1 
minute.  The pre-emulsion was then fed at a constant rate of 0.3 mL per hour into the reaction 
vessel over a 6 hour period using a Harvard Apparatus PHD 2000 syringe pump. After the pre-
emulsion feed step, the reaction was allowed to continue for an additional 2 hours. At the end 
of the core reaction, a pink poly(butyl acrylate)-styrene-spiropyran (PBA-St-SP) core material 
was present in the reaction vessel. 
    To prepare the PMMA shell, SDS, methyl methacrylate (MMA), azobisisobutyronitrile 
(AIBN), EGDMA and DI water were combined in a vial. AIBN served as the initiator in this phase 
of the reaction. The shell pre-emulsion was fed into the reaction vessel containing the PBA-St-
SP core material over a period of 5 hours at a rate of 0.9 mL per hour. The temperature was 
maintained at 80 oC and the reaction vessel was continuously purged with N2 throughout the 
reaction. At the end of the feed period, the reaction was allowed to continue for an additional 1 
hour. 
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    Upon completion of this stage, the core-shell material was coagulated in brine, filtered 
and rinsed. The core-shell nanoparticles were then freeze dried in a Labconco FreeZone 2.5 
Liter Freeze Dry System for 24 hours.  
4.2.2 Imaging of SP-linked Rubber Nanoparticles 
     The resulting SP-linked core-shell rubber nanoparticles were imaged using a Philips XL30 
ESEM-FEG field emission environmental Scanning Electron Microscope (SEM). Transmission 
Electron Microscope (TEM) images of the nanoparticles were also obtained using a Philips 
CM200 Transmission Electron Microscope. The nanoparticles were prepared for TEM imaging 
via a double staining method where ruthenium tetroxide (RuO4) was used as a positive stain for 
the PBA-styrene-spiropyran core and phosphotungstic acid (PTA) was used as a negative stain 
to highlight the PMMA shell [107, 108]. A mixture of aqueous PTA (3 wt%) and SP-linked rubber 
nanoparticles was ultra-sonicated for 3 minutes (pulsed 0.2 s on, 0.2 s off) in an ice bath to 
uniformly disperse the nanoparticles. A drop of the mixture was placed on a glow-discharged 
carbon-stabilized Formvar-coated TEM grid and allowed to dry. The TEM specimen was then 
exposed to RuO4 vapor for 15 minutes prior to TEM imaging. 
4.2.3 Stimuli Response of SP-Linked Rubber Nanoparticles 
    Samples of the nanoparticles were tested under various conditions to investigate the 
presence of SP and its response to various stimuli. All samples were first irradiated with white 
light to drive the SP molecules to the closed (colorless) form. One sample of nanoparticles was 
exposed to elevated temperature via a heat gun (at approximately 200 oC). Another sample was 
irradiated with UV light for 5 minutes. A third sample of nanoparticles was impacted with a 
rubber mallet to examine the response to applied force. Optical images of the activated rubber 
nanoparticles were captured using a Canon Powershot camera.  
4.2.4 Specimen Fabrication 
    Cross-linked PMMA (1 mol% cross-link density) containing 5 wt% of the SP-linked rubber 
nanoparticles was synthesized using the free radical polymerization technique described in 
Chapter 2. Benzoyl peroxide, spiropyran, methyl methacrylate (MMA) and the SP-linked rubber 
nanoparticles were combined in a scintillation vial. The mixture was then ultra-sonicated for 3 
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minutes (pulsed 0.2 s on, 0.2 s off) in an ice bath to uniformly disperse the core-shell rubber 
nanoparticles and ensure proper mixing of all components. After sonication, the vial was sealed 
and flushed with argon for 45 seconds. Ethylene glycol dimethacrylate and N,N-dimethylaniline 
were then added to the vial and the vial flushed again with argon for 45 seconds. The pre-
polymerized material was then injected into cylindrical polypropylene molds and allowed to 
polymerize for at least 12 hours.  
    The cylindrical specimens had a final gage diameter of 2 mm and a gage length of 10 
mm (see Figure 4.2). Specimens of SP-PMMA toughened with 5 wt% commercial MBS 
nanoparticles were also fabricated for torsion testing. These specimens contained the same 
total concentration of SP molecules (0.05 mol%) and rubber nanoparticles (5 wt%) as the SP-
rubber toughened PMMA. All specimens were irradiated with white light for at least 24 hours 
to ensure that the SP molecules were in the closed form prior to mechanical testing. 
 
Figure 4.2: Specimen geometry and configuration for torsion testing. 
4.2.5 Mechanical Testing 
  Torsion tests were performed using a TA Instruments AR-G2 rheometer fitted with 
custom specimen grips as described by Kingsbury [39]. All specimens were tested at a constant 
angular displacement rate of 0.01 rad/s and experienced at least three complete revolutions 
before failure. Displacement, gap distance and torque data were collected at 1 second intervals 
and used to calculate the shear stress and shear strain values at each time step using the large 
strain theory adopted by Kingsbury et al. [39]. Specimens of SP-PMMA toughened with 5 wt% 
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commercial MBS nanoparticles were also tested under identical conditions. The SP activation 
results of the SP-PMMA specimens toughened with commercial rubber nanoparticles were then 
compared to the results of the PMMA toughened with the SP-rubber nanoparticles. The 
fracture surfaces of specimens of the SP-rubber toughened PMMA and specimens of the SP-
PMMA toughened with commercial rubber were also examined using SEM. 
4.2.6 Fluorescence Imaging 
  SP mechanophore activation during testing, as evidenced by increased fluorescence 
intensity, was monitored in situ via a full field fluorescence imaging setup developed by 
Kingsbury [39]. A Basler CCD camera equipped with a 600-1200 nm filter was used to collect the 
light reflected from the specimen gage section at 10 second intervals. This range of 
wavelengths contains the emission peak for the merocyanine (open) form of SP in cross-linked 
PMMA (610 nm) and therefore the intensity of the reflected light is directly correlated to SP 
activation. The fluorescence images were then used for fluorescence intensity data analysis. 
4.3 Results and Discussion 
4.3.1 Stimuli Response of SP-linked Rubber Nanoparticles 
The resulting SP-linked rubber nanoparticles were imaged using SEM. The nanoparticles 
were observed to be spherical in shape with an average diameter of 350 + 10 nm (see Figure 
4.3). Figure 4.4 illustrates the response of samples of the SP-linked nanoparticles to various 
stimuli. These nanoparticles were first irradiated with 532 nm light and a sample of the 
nanoparticles just prior to testing is shown in Figure 4.4a. The nanoparticles are white in color 
after irradiation. In Figure 4.4b, the nanoparticles respond to the application of heat (~ 200 oC) 
by changing color from white to bright pink. The sample irradiated with UV light changes to a 
vibrant purple color (see Figure 4.4c). In the third sample, where the nanoparticles were 
subjected to impact with a rubber mallet, the compressed particles possess a bright pink hue 
(see Figure 4.4d). In all three cases distinct color changes were observed indicating that the SP 
was indeed present in the nanoparticles and responsive to external stimuli. 
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Figure 4.3: SEM image of SP-linked core-shell rubber nanoparticles after synthesis. 
 
 
Figure 4.4: Stimuli response of SP in SP-linked rubber nanoparticles. (a) Sample of nanoparticles prior  to 
testing. (b) Heat response of SP-linked rubber nanoparticles. (c) UV light response of SP-linked rubber 
nanoparticles. (d) Impact (force) response of SP-linked rubber nanoparticles. Scale bars: 5 mm. 
4.3.2 Mechanical Response 
Representative plots of shear stress versus shear strain for both material types tested 
are shown in Figure 4.5. Both material types display similar initial linear elastic behavior 
followed by yielding and strain hardening before complete failure. The yield stress for the 
PMMA toughened with the SP-linked rubber nanoparticles (SP-rubber toughened PMMA) is 
markedly higher than that of the SP-PMMA toughened with the commerical rubber 
nanoparticles (rubber toughened SP-PMMA). This difference implies that a higher level of stress 
was required for plastic deformation in the SP-rubber toughened PMMA than for the rubber 
toughened SP-PMMA. At first glance, this is a somewhat surprising result since both material 
types contain indentical concentrations of rubber nanoparticles and the nanoparticles are of 
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comparable size. However, when the actual nature of the core material in each type of rubber 
nanoparticle is considered the reason for the difference in yield stress becomes clear.  
The SP-linked rubber nanoparticles contain a poly(butyl acrylate) core while the 
commercial nanoparticles contain a poly(butadiene)-styrene core. Vazquez and co-workers 
investigated the difference in mechanical response between PMMA toughened with natural 
rubber (which has mechanical properties similar to those of poly(butadiene)-styrene) and 
PMMA toughened with poly(butyl acrylate) [107]. They discovered that the PMMA had a lower 
yield stress when toughened with natural rubber than with poly(butyl acrylate) and postulated 
that the difference in the degree of cross-linking in the core played a large role.  
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Figure 4.5: Representative mechanical response of specimens toughened with SP-linked rubber and 
commercial rubber nanoparticles during torsion testing  
4.3.3 Activation Response 
 Visible color change was observed in the gage section of the SP-rubber toughened 
PMMA specimens (see Figure 4.6a) indicating activation of the  SP molecules within the rubber 
core in repsonse to the applied shear strain. A much more vibrant color change was observed 
for the rubber toughened SP-PMMA specimen which contained an identical total concentration 
of SP (Figure 4.6b) which signifies a higher degree of SP activation when the SP is located in the 
bulk matrix material. 
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Figure 4.6: Optical images of specimens after torsion tests (a) SP-rubber toughened PMMA specimen: SP 
in rubber core (b) Rubber toughened SP-PMMA specimen: SP in bulk matrix. 
Investigation of the fracture surface of the SP-rubber toughened PMMA via SEM 
revealed a rough surface morphology indicative of large scale deformation of the PMMA matrix 
(Figure 4.7a).  The degree of nanoparticle cavitation on the fracture surface was small, 
however, as evidenced by very few voids on the surface. A lack of cavitation indicates that the 
cores of the nanoparticles were not sufficiently deformed during testing. The fracture surface of 
rubber toughened SP-PMMA is shown in Figure 4.7b. Rubber nanoparticle cavitation was 
observed along the fracture surface.  
          
Figure 4.7: SEM images of fracture surfaces after torsion tests. (a) Fracture surface of SP-rubber 
toughened PMMA specimen (b) Fracture surface of rubber toughened SP- PMMA specimen. 
a b 
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52 
 
4.3.4 Fluorescence Analysis 
A comparison of the initial and final fluorescence images of the SP-rubber toughened 
PMMA reveals a marked increase in fluorescence intensity by the end of the torsion test (Figure 
4.8). The plot of normalized fluorescence intensity as a function of strain in Figure 4.9 shows a 
monotonic increase in intensity with shear strain. An appreciable increase in fluorescence 
intensity is observed beyond the yield point, confirming that SP activation can be enhanced by 
increasing plastic deformation in the material system.  
 
Figure 4.8: Fluorescence images of SP-rubber toughened PMMA specimen. (a) Initial image before test     
(b) Final image at end of test just before complete failure. Scale bars: 2mm. 
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Figure 4.9: Shear stress versus shear strain data correlated with normalized fluorescence intensity for 
SP-rubber toughened PMMA showing increase in fluorescence intensity with shear strain. 
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Comparisons between the change in fluorescence intensity of the SP-rubber toughened 
PMMA and the rubber toughened SP-PMMA, however, reveal two key points (see Figure 4.10). 
First, the change in fluorescence intensity for the rubber toughened SP-PMMA is much higher 
than that of the SP-rubber toughened PMMA. Second, the SP-rubber toughened PMMA 
experiences a more moderate increase in fluorescence intensity during torsion testing. 
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Figure 4.10: Representative activation response of SP-rubber toughened PMMA and rubber toughened 
SP-PMMA during torsion test. 
These differences in activation response are observed despite the fact that both 
material systems contained identical concentrations of rubber nanoparticles and spiropyran 
molecules. One possible reason for the lower activation response in the SP-rubber toughened 
system is the lack of large scale rubber core deformation and cavitation. The small amount of 
cavitation observed on the fracture plane (Figure 4.7a) suggests that not all the rubber 
nanoparticles experienced core deformation. Therefore, the number of SP molecules with the 
potential for activation was much lower for this material system when compared to the system 
where the SP molecules were linked into the bulk matrix. Another hypothesis is that the degree 
of plastic deformation present within the rubber core and available to the SP molecules was 
insufficient for activation.  
Two main factors which affect the deformation and cavitation in core-shell rubber 
nanoparticles are the elastomeric nature of the core [107] and the uniformity and thickness of 
the shell [109].  As mentioned earlier, PMMA toughened with nanoparticles with a poly(butyl 
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acrylate) core has a higher yield stress than PMMA toughened with the butadiene-based core 
nanoparticles. This implies that larger stresses are needed for core cavitation in the poly(butyl 
acrylate) toughened system [107]. It is possible that greater core deformation and hence SP 
activation can be achieved by altering the material properties of the core material so that 
cavitation can occur at the level of stress applied during the torsion tests. 
Investigation of the SP-linked rubber nanoparticles via TEM imaging revealed some 
interesting characteristics of the nanoparticles (see Figure 4.11). In Figure 4.11, the dark regions 
are the poly(butyl acrylate)-styrene-SP core stained with RuO4 and the light regions are PMMA 
outlined by PTA. The first observation was the non-uniform PMMA shell around the 
nanoparticles. In some cases the PMMA appeared as inclusions in the core instead of as an 
actual shell (Figure 4.11a). In the nanoparticles where a shell did exist, the shell thickness was 
on the order of a few nanometers. These shortfalls in the morphology of the nanoparticles are 
also likely sources for the limited degree of cavitation observed on the fracture planes. 
Deformation in the core and SP activation can be improved by synthesizing nanoparticles with 
thicker, more uniform PMMA shells. 
                             
Figure 4.11: TEM images of SP-linked rubber nanoparticles. (a) Smaller nanoparticles with diameter ca. 
150 nm (b) Larger nanoparticle with diameter ca. 350 nm surrounded by smaller nanoparticles. The 
poly(butyl acrylate)-styrene-spiropyran phase appears dark and the PMMA phase is light.  
 
a b 
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4.4 Conclusions 
Spiropyran activation within core-shell rubber nanoparticles was demonstrated for a SP-
linked rubber toughened PMMA system. Spherical core-shell rubber nanoparticles containing 
SP within the rubbery core were synthesized and incorporated into cross-linked PMMA. 
Cylindrical specimens of the SP-rubber toughened PMMA were fabricated and tested in torsion 
and exhibited a distinct color change and a monotonic increase in fluorescence intensity with 
shear strain. 
The activation of the SP within the core was compared to that of an identical 
concentration of SP located within the bulk matrix and a significant difference in the activation 
response was observed. SP located within the bulk material exhibited a more vibrant color 
change and larger peak fluorescence intensity. Also, investigation of the fracture plane revealed 
a limited degree of rubber cavitation in the SP-rubber system. These results suggest an 
insufficient amount of deformation within the core of the SP-linked rubber nanoparticles 
necessary for large scale spiropyran activation. Further work is necessary to address these 
issues and thereby enhance the damage sensing capabilities of SP-linked rubber nanoparticles. 
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Chapter 5 
Autonomic Damage Repair in PMMA via Solvent Microcapsules 
5.1 Introduction 
In this chapter, fully autonomous solvent-based healing in linear PMMA is 
demonstrated. Microcapsules containing a solution of PMMA and the solvent anisole are 
incorporated into a linear PMMA matrix and specimens of this material are subjected to 
fracture tests using the Double Cleavage Drilled Compression (DCDC) test protocol.  
5.1.1 Intrinsic Crack Healing In Polymers 
 Intrinsic crack healing in polymers is mainly due to reptation of molecular chains and 
can be initiated via thermal, adhesive or solvent mechanisms [60, 110]. Wool and O’Connor 
proposed a five stage model for healing in polymers: (i) surface rearrangement (ii) surface 
approach (iii) wetting (iv) diffusion and (v) randomization [110]. In the case of adhesive and 
solvent healing, surface rearrangement is influenced by the polymer-solvent interaction and 
affects the diffusion across the interface [111]. The surface approach stage is also important as 
no healing can occur if the two surfaces are not brought sufficiently close together or the gap is 
not filled by healing fluid [111]. During the wetting stage, an interface between the two 
surfaces is formed which facilitates healing [111]. Diffusion results in polymer chain 
entanglement and subsequent interpenetration into the undamaged matrix material [112]. 
Wetting and diffusion are the key stages in the healing process and it is during these two stages 
that recovery of mechanical strength occurs [63, 110, 111]. In the final stage, randomization, a 
complete loss of the initial crack interfaces occurs [110, 112].  
5.1.2 Microcapsule-Based Solvent Healing 
Liquid-filled microcapsules have been utilized extensively within the past decade to 
achieve autonomous healing in glassy polymers [3, 44, 56, 58]. Liquid healing agents are 
encapsulated within robust shells and the resulting microcapsules are embedded within the 
host matrix material. During a damage event, the liquid is released from ruptured capsules and 
wicked into the damage zone. The crack healing process begins as the healing liquid reacts with 
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the surrounding matrix. Solvent-filled microcapsules are envisioned for thermoplastic self-
healing as the release of a good solvent (with respect to the thermoplastic matrix) into the 
damage zone can promote polymer chain interdiffusion and entanglement and lead to 
autonomous damage repair [113]. 
5.1.3 Double Cleavage Drilled Compression (DCDC) Testing 
The DCDC test specimen is a column of rectangular cross-section with a central circular 
hole as shown in Figure 5.1. Sharp cracks are introduced at the top and bottom crowns of the 
hole. The specimen is subjected to axial compression from which transverse tensile stresses are 
produced at the top and bottom of the hole. When the energy release rate is equal to the 
fracture toughness of the material, a stable Mode I crack is generated at each crown [114-118]. 
These cracks propagate along the mid-plane of the specimen and eventual crack arrest occurs 
near the ends of the column. The main advantages of the DCDC test include mid-plane crack 
stability and the ability to control the velocity of the advancing crack [114-116, 119-122].  
 
Figure 5.1: DCDC specimen geometry and configuration. a: crack length, l: specimen length, w: specimen 
half-width, r: hole radius, t: specimen thickness. 
Two distinct fracture regimes exist during the DCDC test. There is an initial regime when 
the crack length is short and the stress necessary for crack growth increases linearly with crack 
length. Plaisted and co-workers modeled this short crack regime by first looking at a crack in an 
infinite plate subjected to two sets of concentrated forces [114] (see Figure 5.2).  
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Figure 5.2: Geometric representation of a slit crack in an infinite plate subjected to two sets of 
concentrated forces. 
Under these loading conditions the stress intensity factor, K, is [114]  
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In order to determine the stress intensity factor for a DCDC specimen in the short crack 
regime, where the cracks propagate from the hole with the application of increasing 
compressive loads, the resultant stress field is represented by a pair of concentrated forces (P). 
This force is a function of the hole diameter, the applied stress and the crack length. The critical 
stress intensity factor or fracture toughness (KIc) is then calculated as  
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where d is a parameter that defines the magnitude of the equivalent force, σa is the applied 
stress, a is the crack length, w is the specimen half-width, r is the hole radius, λ is the 
normalized crack length (λ = a/r)  and e is a parameter that defines the location of the 
equivalent force [114].  
 In the case of the DCDC specimen where the dimensions are finite, the parameter d is 
allowed to be a function of w/r. Based on the work by Plaisted et al., the expression for d is 
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where d is the value of d in the case of an infinite plate ( 27/1d ). 
Of particular note in Equation 5.2 is the fact that within the short crack regime the 
fracture toughness is crack length dependent. 
At longer crack lengths, the propagation of the crack tip occurs at nearly constant 
(plateau) stress. A beam-column analysis is used to model the specimen behavior in this long 
crack regime by considering one quarter of the specimen as a beam in bending. The 
fundamental assumption of the model is that, for a sufficiently long crack, the presence of the 
hole produces a bending moment at the hole that is not affected by the length of the crack 
[114]. By considering the loading and boundary conditions for such a beam, the stress intensity 
factor is  
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where E is the bending energy, G is the resulting energy release rate and Mo is the bending 
moment . 
Based on Equation 5.4 and the assumptions of the model, the critical stress intensity 
factor is found to be  
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where σp is the plateau stress obtained from a plot of applied stress versus crack length and 
g(w/r) is a geometric function given by 
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Thus, in the long crack regime, the fracture toughness is shown to be independent of 
the crack length.  
This crack length independence of the fracture toughness coupled with the fact that 
crack faces remain in contact after the load has been removed makes the DCDC specimen 
geometry ideal for examining self-healing in brittle polymers. Plaisted et al. have employed this 
specimen geometry to demonstrate healing of a cross-linked polymer through the application 
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of heat [123]. More recently, Hamilton and coworkers have used the DCDC specimen to 
demonstrate self-healing in a vascularized polymer [50] . 
The efficiency of a solvent microcapsule healing system was investigated in this chapter 
by evaluating the recovery of fracture toughness after initial fracture for poly(methyl 
methacrylate) (PMMA) DCDC specimens containing PMMA-anisole microcapsules. The effects 
of healing time and microcapsule concentration were examined to determine the optimum 
conditions necessary for healing. 
5.2 Experimental Methods 
5.2.1 Microcapsule Synthesis  
Double shell wall poly(urethane)/urea-formaldehyde (PU/UF) microcapsules containing 
a core solution of 10 wt% PMMA dissolved in anisole were synthesized using the method 
reported by Gladman et al. [66].  Anisole was chosen as the healing solvent because its 
solubility parameter is closest to that of PMMA. The PU prepolymer was first dissolved in the 
core solution and then added to the mixing vessel which contained the UF reaction 
components. The stir rate was set to 500 rpm for the entire reaction. The resulting 
microcapsules were then dried and sieved. Control microcapsules containing dicyclopentadiene 
(DCPD) monomer were produced using the identical protocol.  
Microcapsules of diameter 250-355 µm were used in all experiments to maximize the 
amount of solvent available for healing. Optical images of the microcapsules were acquired 
with a Leica DMR optical microscope and representative examples are shown in Figure 5.3. 
Intact microcapsules are shown in Figure 5.3a. The microcapsules are fairly round in shape and 
possess a rough surface. In Figure 5.3b, the microcapsules have been crushed and the released 
liquid core is visible. 
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Figure 5.3: Optical images of PU/UF PMMA-anisole microcapsules. (a) Intact microcapsules (b) Crushed 
microcapsules with released core. 
5.2.2 PMMA Synthesis 
Linear PMMA was synthesized via free radical polymerization. Methyl methacrylate 
(MMA) (4 mL) and the initiator, benzoyl peroxide (BPO) (60 mg), were combined in a 
scintillation vial. The vial was sealed and purged with argon for 30 seconds and then the 
solution was sparged with argon for 30 seconds. The reaction activator, N,N, dimethylaniline 
(DMA) (24 µL), was then added to the solution and the vial was purged and sparged again for 1 
minute.  Sparging with argon was necessary to remove any oxygen from within the vial since 
oxygen is a known inhibitor of free radical polymerization of PMMA. 
5.2.3 Specimen Fabrication 
Self-healing DCDC specimens of microcapsule-loaded linear PMMA were prepared 
under ambient conditions using the cell casting technique.  
A predetermined mass of dried microcapsules (from 2.5 to 10 wt%) was placed between 
two PMMA sheets. These sheets, with dimensions of 65 x 50 x 6.35 mm, were machined from 
commercially available PMMA. The resulting mold was then sealed with a silicone rubber 
gasket (3.175 mm thick). The mold was subsequently flushed with argon for approximately 1 
minute.  
Pre-polymerized linear PMMA was then injected into the sealed mold containing the 
microcapsules and the mold was purged again for 45 seconds. (The time between preparing the 
a b 
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linear PMMA solution and injecting it into the mold was limited to less than 5 minutes to 
prevent the PMMA from polymerizing within the vial.) The mold was inverted 2-3 times at 20 
minute intervals to uniformly distribute the microcapsules during the early stages of the PMMA 
polymerization. This was repeated until the microcapsules no longer sank to the bottom of the 
mold (see Figure 5.4). After this time, each mold was placed in the refrigerator at 4 oC for at 
least 12 hours to complete the PMMA polymerization. This lower ambient temperature was 
necessary to dissipate the heat produced during polymerization which can lead to an increased 
number of voids in the specimens.  Details of the synthesis recipe are found in Table A.3 in 
Appendix A and material properties of all specimen types can be found in Table B.3 in Appendix 
B. 
       
Figure 5.4: Schematic of mold used to make DCDC specimens. 
After polymerization, the specimens were cut to their final dimensions of 50 x 15.5 x 11 
mm with a 4 mm hole drilled through the center and then polished (see Figure 5.5a). An image 
of a DCDC specimen acquired prior to testing is shown in Figure 5.5b. The microcapsule-loaded 
linear PMMA is sandwiched between the two commercial PMMA sheets and a uniform 
distribution of the PMMA-anisole microcapsules is observed. Immediately before testing, pre-
cracks were introduced by tapping a double-edged razor blade into notches scored at the 
crowns of the central hole.  
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Two types of control specimens were also prepared. The first control type specimen, 
Control Type I, contained no microcapsules. The second control type specimen, Control Type II, 
contained microcapsules with a non-healing liquid core of dicyclopentadiene (DCPD) monomer. 
DCPD was chosen based on its lack of reactivity with the PMMA polymer during preliminary 
screening tests. As a result, the effect of the PMMA-anisole solvent solution on the recovery of 
fracture toughness could be isolated from other mechanical or material effects. 
                                                    
Figure 5.5: Final DCDC specimens for testing. (a) Specimen geometry and configuration (b) Optical image 
of a PMMA specimen containing 5 wt% PMMA-anisole microcapsules. Scale bar: 5 mm. 
5.2.4 Mechanical Testing 
DCDC fracture tests were performed using a 150 kN Instron screw-driven load frame 
(Model 4483) under displacement control. Specimens containing microcapsules were loaded at 
a constant displacement rate of 20 µm/s while Control Type I specimens, with no 
microcapsules, were loaded at a constant rate of 15 µm/s. Load and displacement data were 
collected at 0.5 second intervals. Images of the specimen during testing were acquired at 5 
second intervals using a Canon EOS 7D digital camera with a Canon 100 mm Macro lens. These 
images were used to measure the crack length using the image processing software ImageJA 
(version 1.45b). The first crack length measurement for each specimen was acquired at the first 
detectable indication of crack propagation. Stress was calculated based on the applied load and 
the undeformed specimen dimensions. Plots of applied stress (σ) as a function of the 
normalized crack length (a/r) were then generated. The plateau stress for each specimen (σp) 
a b 
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was obtained from these plots and used to calculate the virgin fracture toughness ( Virgin
IcK ) 
using Equation 5.5. The final crack length of each virgin specimen was also noted.   
The effects of healing time and microcapsule concentration on fracture toughness and 
healing efficiency were investigated. To determine the effect of healing time, virgin specimens 
containing 5 wt% PMMA-anisole microcapsules were tested and then allowed to heal at room 
temperature for a time period ranging from 1 to 7 days. During this healing time the specimens 
were placed on their sides with the crack plane horizontal. At the end of the healing period, 
specimens were tested again under the same loading conditions as the virgin test, but without 
introducing a pre-crack prior to testing.  
The fracture toughness of the healed specimen ( Healed
IcK ) was evaluated in one of two 
ways depending on the behavior of the crack through the healed material. For specimens 
where there was a linear increase in stress with crack growth through the healed material, i.e. 
over the length of the virgin crack, the short crack model was used to determine Healed
IcK  
(Equation 5.2). Within the short crack regime, the fracture toughness is a function of the crack 
length and the applied stress. For specimens following the short crack model, the maximum, 
minimum and average fracture toughness throughout the crack propagation were calculated. 
The maximum and minimum values provided an upper and lower bound on the healed fracture 
toughness while the average fracture toughness was the representative measure of toughness 
through the healed material. For specimens where the crack propagated through the healed 
material at a relatively constant (plateau) stress, the long crack model was used to determine 
Healed
IcK  (Equation 5.5).  
The healing efficiency (η) in all cases was calculated as the ratio of the healed fracture 
toughness to the virgin fracture toughness:  
                                                                   
Virgin
Ic
Healed
Ic
K
K
                                                                            (5.7) 
Specimens with increasing concentrations of microcapsules (from 0-10 wt%) were also 
tested to determine the effect of microcapsule concentration on fracture toughness and 
healing efficiency. An identical protocol as described above was followed for the virgin and 
healed tests with the healing time fixed at 3 days. The healing efficiency was also calculated 
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using Equation 5.7. Reference specimens were also tested. These specimens consisted of linear 
PMMA with no microcapsules incorporated throughout the matrix (Control Type I) and were 
used to provide a benchmark for ideal healing. After the virgin DCDC test, a solution of PMMA-
anisole was injected into the crack plane and these specimens were allowed to heal for 3 days 
before performing the healed tests.  
5.2.5 Imaging 
Scanning Electron Microscope (SEM) images of the fracture plane of representative 
healed specimens were acquired using a Philips XL30 ESEM-FEG field emission environmental 
Scanning Electron Microscope. SEM images of select specimens were also acquired after virgin 
testing for crack separation measurements. 
5.3 Results and Discussion 
5.3.1 Mechanical Response 
Representative images of a self-healing specimen and a Control Type I specimen after 
virgin testing are shown in Figure 5.6. In both specimens, the crack that has propagated through 
the midplane of the specimen is clearly visible. The characteristic parabolic shape of the crack 
front that is usually observed in DCDC specimens of brittle materials was not observed for the 
microcapsule loaded specimens (see Figure 5.6a). This is most probably due to the interaction 
of the crack front with the solvent filled microcapsules. For the Control Type I specimen (neat 
PMMA) the parabolic shape was clearly evident. 
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Figure 5.6: Linear PMMA DCDC specimen after virgin testing. (a) Self-healing specimen with 5 wt% 
PMMA-anisole microcapsules (b) Control Type I specimen with no microcapsules. Scale bars 5 mm. 
In Figure 5.7 the virgin and healed test results for a specimen containing 5 wt% PMMA-
anisole microcapsules are shown. Healing time for this specimen was 3 days. During the virgin 
test there is a linear increase in applied stress with crack length in the short crack regime. With 
continued loading, the applied stress reaches a plateau value as crack propagation continues 
(long crack regime). The end of the virgin crack is highlighted. The increase in crack length with 
applied stress is monotonic for both the virgin and healed cases. The applied stress during the 
healed test also achieves a plateau value with continued crack propagation beyond the healed 
region. Virgin and healed data for all specimens are presented in Figures D.3-D.5 in Appendix D.  
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Figure 5.7: Representative applied stress versus normalized crack length plot for a self-healing specimen 
containing 5 wt% PMMA-anisole microcapsules with a heal time of 3 days. 
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On average, the final virgin crack lengths for Control Type I (neat PMMA) specimens 
were significantly larger than that for the capsule-loaded specimens (see Figure 5.8). This result 
suggests that the microcapsules provide a toughening effect to the matrix, thus reducing the 
amount of crack growth during testing.  A comparison between the virgin fracture toughness of 
the neat and microcapsule loaded specimens supports this hypothesis (Figure 5.8). Specimens 
containing at least 5 wt% microcapsules are observed to exhibit noticeably higher virgin 
fracture toughness compared to other specimens. 
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Figure 5.8: Effect of microcapsule concentration on final virgin crack length and virgin fracture 
toughness. 
A comparison between the fracture surface of a Control Type I specimen (no 
microcapsules) and that of a self-healing specimen (5 wt% microcapsules) can be made by 
examining the SEM images in Figure 5.9. The fracture surface of the PMMA without 
microcapsules is relatively smooth (see Figure 5.9a). In contrast, the fracture surface of the 
microcapsule-loaded specimen (Figure 5.9b) is extremely rough indicating large scale 
deformation of the matrix material. In Figure 5.9b there is also evidence of ruptured 
microcapsules across the fracture surface. 
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Figure 5.9: Scanning electron microscope (SEM) images of fracture surfaces. (a) Fracture surface of a 
Control Type I specimen. (b) Fracture surface of a specimen with 5 wt% PMMA-anisole microcapsules.  
5.3.2 Healing Performance 
5.3.2.1 Healing analysis 
One key finding from the DCDC tests was that the final virgin crack length of the 
microcapsule-loaded specimens had a significant impact on the healing performance. In Table 
5.1, a summary of the percentage of specimens which displayed some measure of healing is 
shown as a function of the final virgin crack length. Specimens where the final virgin crack 
length exceeded a normalized value of 6.0 (i.e. a/r > 6.0) showed no healing regardless of the 
healing time or concentration used. A possible reason for this lack of healing in specimens with 
longer cracks is that the crack separations in these instances were too large and as such the 
crack faces could not re-establish contact upon removal of the load [65, 71]. As a result, only 
specimens with normalized virgin crack lengths of 6.0 or lower were used for subsequent data 
analysis. A summary of crack separation data collected for a Control Type I and three self- 
healing specimens is shown in Figure D.6 in Appendix D. There, the crack separation is shown to 
increase considerably for specimens with large final crack lengths. The concentration of 
microcapsules also affected the extent of healing. In Figure D.7 in Appendix D, the distance 
between the crown of the hole and the beginning of healed region is shown to increase with 
microcapsule concentration.  
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Table 5.1: Effect of final virgin crack length on healing response for self-healing specimens only.  
Normalized virgin crack 
length (a/r) 
No. of specimens tested Percentage of healed 
specimens (%) 
< 2.0 1 100 
2.0-4.0 12 66.7 
4.0-6.0 6 100 
6.0-8.0 2 0 
         > 8.0 8 0 
 
For the specimens which demonstrated some measure of healing, one of two possible 
stress responses was observed (see Figure 5.10). Figure 5.10a is a reproduction of the data 
shown in Figure 5.7 for a specimen containing 5 wt% PMMA-anisole microcapsules. The crack 
through the healed material is categorized as a short crack since the stress is increasing with 
crack length up to the end of the healed material region. Therefore, the short crack model 
(Equation 5.2) was used to evaluate the healed fracture toughness of this specimen and others 
like it using the maximum crack length and stress value in that regime. In Figure 5.10b, the 
stress response of a reference specimen is shown. Here, the stress reaches a plateau as the 
crack propagates through the healed material and as a result the long crack model (Equation 
5.5) was used to determine the healed fracture toughness.  
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Figure 5.10: Representative applied stress versus normalized crack length plots illustrating the difference 
between short and long crack healed stress responses. (a) Short crack response exhibited by a self-
healing specimen containing 5 wt% PMMA-anisole microcapsules. (b) Long crack response exhibited by a 
reference specimen in which PMMA-anisole solvent solution was injected into crack plane after the 
virgin test. 
5.3.2.2 Effect of healing time 
Plots of the virgin and healed fracture toughness, as well as the corresponding healing 
efficiencies as functions of healing time are shown in Figure 5.11. All specimens contained 5 
wt% PMMA-anisole microcapsules. The average virgin fracture toughness across the specimens 
is calculated as 1.41 MPa-m1/2. The healed fracture toughness is consistently lower than the 
virgin toughness for all healing times investigated (see Figure 5.11a). An improvement in healed 
fracture toughness is observed when going from 1 to 3 days of allowed healing time. This initial 
improvement in toughness is in agreement with results presented throughout the self-healing 
literature where the fracture toughness of the healed material is shown to increase with 
healing time [110, 113, 124, 125]. The dependence of healing on allowable time has been 
shown to be largely controlled by diffusion of the interpenetrating chains [110]. The fracture 
toughness of the specimens allowed to heal for 7 days, however, is observed to be lower than 
that for specimens healed for 3 days but is still within the error bounds of both the 1 and 3 day 
healing results. 
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The changes in healed fracture toughness with time are reflected in the healing 
efficiencies where the most effective system is shown to be the one where the specimens are 
allowed to heal for 3 days (see Figure 5.11b). The healing efficiency at 3 days is approximately 
89%, substantially higher than that of 1 day and 7 days which are at 68% and 73% respectively.  
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Figure 5.11: Effect of time on healed response of self-healing specimens containing 5 wt% PMMA-
anisole microcapsules. (a) Effect of healing time on virgin and healed fracture toughness. The numbers 
at the bottom of each column denote the number of specimens used in determining the average and 
standard deviation. Error bars reflect one standard deviation of data. (b) Effect of healing time on 
healing efficiency. Error bars reflect the upper and lower bounds of each variable. 
5.3.2.3 Effect of microcapsule concentration 
The effect of the concentration of microcapsules on the healing efficiency (η) was also 
investigated. A healing time of 3 days was chosen and capsule concentrations ranging from 0 to 
10 wt% were tested. Figure 5.12 shows a summary of the results. Again, a significant increase in 
the virgin toughness is observed for specimens containing at least 5 wt% solvent microcapsules 
(see Figure 5.12a). The virgin fracture toughness achieves a plateau of approximately 1.43 MPa-
m1/2 for microcapsule concentrations of 5 wt% and above, however, indicating that no further 
improvement in toughness is achieved by incorporating more microcapsules into the matrix. 
For all microcapsule concentrations tested, there is significant recovery of toughness, but the 
healed fracture toughness is consistently lower than the virgin toughness.  
Maximum healing efficiency of 89% is achieved for specimens containing 5 wt% 
microcapsules and 3 days of healing (see Figure 5.12b). Similar to the healed fracture toughness 
b a 
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results shown in Figure 5.12a, increasing the capsule concentration beyond 5 wt% provides no 
further improvement in the healing efficiency. This relatively constant value of η for 
concentrations of 5 wt% and above suggests that the volume of solvent released at this capsule 
loading is sufficient to mobilize the polymer chains across the fracture plane, heal the damage 
and recover the virgin properties of the system.  
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Figure 5.12: Self-healing results. (a) Effect of microcapsule concentration on virgin and healed fracture 
toughness with a heal time of 3 days. The numbers at the bottom of each column denote the number of 
specimens used in determining the average and standard deviation. Error bars reflect one standard 
deviation of data.  (b) Effect of microcapsule concentration on healing efficiency of self-healing 
specimens with a heal time of 3 days. Error bars reflect the upper and lower bounds of each variable. 
The healing results for the reference and Control Type II (DCPD) specimens are shown 
alongside that of a self-healing specimen in Figure 5.13. Both the self-healing and DCPD control 
specimens contained 5 wt% of microcapsules. While it was expected that the reference 
specimens would exhibit near perfect recovery of toughness, this is not reflected in the results. 
The average healing efficiency for the reference specimens is found to be 88%. Two possible 
causes of this reduction in performance are insufficient filling of the entire crack plane during 
the injection of the PMMA-anisole solvent solution and imperfect registration of the crack 
surfaces after fracture. In both cases, the polymer chains would not be adequately swollen and 
mobilized across the crack plane to recover the virgin properties of the material.  As expected, 
the Control Type II specimens show no recovery of fracture toughness after healing. 
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 Figure 5.13: Healing response of reference, Control Type II and self-healing specimens. Control 
specimens contain 5wt% DCPD microcapsules. Self-healing specimens contain 5 wt% PMMA-anisole 
microcapsules. Error bars reflect one standard deviation of data. 
 
5.4 Conclusions 
The efficiency of solvent microcapsules for self-healing in linear PMMA was 
investigated. Microcapsules containing a PMMA-anisole liquid core were incorporated into 
linear PMMA and the fracture toughness of virgin and healed specimens was evaluated using 
the Double Cleavage Drilled Compression (DCDC) test protocol. The inclusion of microcapsules 
improved the toughness of the linear PMMA by increasing the degree of deformation during 
fracture. Short healing times of 3 days produced the best healing results for this solvent healing 
system. Maximum healing efficiency of 89% was achieved by incorporating 5 wt% PMMA-
anisole microcapsules into the PMMA matrix. This near perfect recovery of virgin properties 
demonstrates the potency of the PMMA-anisole solvent system for healing crack damage in the 
thermoplastic PMMA. 
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Chapter 6 
Summary and Future Work 
6.1 Summary 
In this work, mechanisms for autonomous damage sensing and damage repair in glassy 
polymers were explored. The damage sensing potential of mechanophore-linked polymers was 
demonstrated through fracture tests of rubber toughened poly(methyl methacrylate) (PMMA) 
cross-linked with the mechanophore spiropyran (SP).  Activation of SP along the crack was 
quantified via fluorescence imaging and both activation size and intensity were shown to 
increase with crack propagation. The activation zone was observed to be circular in shape for 
moderate crack growth and a direct relationship existed between the activation zone size and 
the size of the plastic zone ahead of the crack tip. Specimens that either contained no SP 
mechanophore or where the polymer chains were not attached across the critical spiro bond 
did not display SP activation. The SP activation results reveal the efficacy of using 
mechanophore activation for damage sensing in glassy polymers and validate the hypothesis 
that plastic deformation is necessary for SP activation within a bulk polymer.  
An investigation into the relationship between SP mechanophore activation and the 
strain and stress fields ahead of the crack tip was performed. Strain fields were attained via 
Digital Image Correlation (DIC) and stress fields were generated analytically via the Hutchinson-
Rice-Rosengren (HRR) singularity field equations. An experimental test setup which allowed for 
mechanical testing, and in situ fluorescence and DIC imaging was utilized. Very good agreement 
was found between the regions of high strain, stress and fluorescence intensity. Mechanophore 
activation ahead of the crack tip followed a power law decay similar to that of strain and the 
minimum equivalent strain required for SP activation in the rubber toughened SP-PMMA was 
determined to be approximately 7%.  
Multifunctional core-shell nanoparticles with the potential for both rubber toughening 
and damage sensing were synthesized via seeded emulsion polymerization. The core consisted 
of poly(butyl acrylate) cross-linked with SP and styrene while the rigid shell was cross-linked 
PMMA.  The SP within the rubber core of the nanoparticles was responsive to external stimuli 
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such as heat, UV light and force. A monotonic increase in fluorescence intensity with shear 
strain was observed during torsion tests of PMMA toughened with these SP-rubber 
nanoparticles. The increase in fluorescence intensity indicates SP activation from within the 
rubbery core of the nanoparticles which have been incorporated into the glassy polymer 
matrix. The degree of activation of the SP within the rubber core, however, was significantly 
lower than that of SP linked directly to the backbone of the matrix polymer. Therefore, future 
investigations must focus on methods to improve the activation response of the SP within the 
nanoparticles and realize the full potential of these nanoparticles for damage sensing.  
A fully autonomous material system is one which has the capacity for damage sensing, 
as well as subsequent self-repair. Autonomous damage repair in PMMA through the use of 
solvent-filled microcapsules uniformly dispersed throughout a linear PMMA matrix was 
demonstrated. Specimens were tested using the Double Cleavage Drilled Compression (DCDC) 
test protocol. As a stable Mode I crack propagated through the mid-plane of the specimen, a 
solvent solution of PMMA and anisole was released from the ruptured microcapsules into the 
crack plane. A healing time of 3 days was determined to be optimum for a material system 
containing microcapsules with diameters between 250 and 355 µm. A maximum healing 
efficiency of 89% was achieved with specimens containing 5 wt% PMMA-anisole microcapsules.  
6.2 Future Work 
Mechanochemical activation in a bulk polymer has been shown to be an effective tool 
for damage sensing. As the field of productive mechanochemistry expands, there are several 
avenues to pursue for improved response. 
6.2.1 Damage Sensing 
This work has demonstrated that macroscale damage can be detected via in situ 
monitoring of SP activation. The next step is to improve upon this technique in order to detect 
smaller damage zones, e.g. microcracks. One approach is to improve the detection resolution 
by increasing spatial control and by excluding secondary optical effects such as surface 
reflections. This can be achieved through the use of confocal microscopy which has the ability 
to detect small scale features such as microcracks. Preliminary experiments using a scanning 
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laser confocal microscope to detect SP activation in fractured SP-PMMA specimens detected 
activation zone widths as small as 30 µm.  
Another approach is to utilize a mechanophore with a stronger activation signal. A 
luminescent mechanophore has been developed by Chen et al. based on the bis(adamantyl)-
1,2-dioxethane molecule [126]. This molecule emits visible light when the 4-membered ring is 
opened via mechanical force. The mechanophore has been shown to activate when linked to 
poly(methyl acrylate) (PMA) both in solution and bulk. No luminescence was observed, 
however, when the mechanophore was linked to poly(methyl methacrylate) (PMMA). Their 
results suggest that this new mechanophore may also require enhanced plastic deformation for 
activation in bulk polymers. The advantages of the dioxethane mechanophore over spiropyran 
include real time monitoring of chain scission reactions at the mechanophore site and the fact 
that an external excitation light source is not needed. The development of similar 
mechanophores can improve upon the current detection limitations.  
While mechanophore activation can be used to detect quasi-static failure, it will be 
beneficial to determine its capacity to detect dynamic failure via impact damage. Impact 
damage events are distinguished by the high loading rates involved. This is a crucial 
consideration when dealing with polymers which are rate sensitive materials. Based on the 
strain rate sensitivity experiments done by Kingsbury and co-workers, the stress required for SP 
activation in SP-PMMA increases with strain rate, but the activation strain remains constant for 
moderate strain rates (10-4 to 10-2 s-1) [39]. Beiermann, on the other hand, performed high 
strain rate tests (107 to 108 s-1) on SP-linked polystyrene thin films [127]. Such high strain rate 
tests on bulk polymers usually lead to brittle failure, and thus thin films which are known to 
undergo greater plastic deformation were used. Beiermann’s work revealed an increase in SP 
activation with mechanical load at these high loading rates.  
One approach which can be used to investigate the feasibility of utilizing mechanophore 
activation for dynamic failure detection is to employ the fall dart impact test protocol [128, 
129]. This is a drop weight impact test where the applied strain rates can range from 101 to 103 
s-1 [130]. Bulk specimens of the mechanophore-linked polymer can be tested in an impact tower 
that has been designed to allow for impact testing, as well as in situ fluorescence imaging to 
77 
 
detect the SP activation. A critical component of such a system would be the fluorescence 
detector which should have exceptionally good temporal and spatial resolution in order to 
detect the impact-induced fluorescence signals. 
While SP activation during impact testing of bulk polymers is possible, in order to 
observe large scale activation it will be necessary to further increase the toughness of the bulk 
polymer material. This can be achieved by using larger core-shell rubber nanoparticles which 
would lead to large scale cavitation [107]. Another way to increase the plastic deformation 
during impact testing would be to increase the concentration of rubber nanoparticles, thereby 
decreasing the distance between the nanoparticles and triggering cavitation at lower applied 
stresses [107]. 
6.2.2 Multifunctional Nanoparticles 
The results presented in Chapter 4 highlight the need to promote greater rubber 
nanoparticle cavitation and therefore increase SP activation within the rubber cores of the SP-
linked nanoparticles. One approach is to increase the ductility of core. The nature of the 
rubbery core greatly affects the degree of cavitation possible during mechanical loading. Gui 
and co-workers have determined a critical cross-link density necessary to obtain effective core-
shell nanoparticles [131].  Future work should focus on optimizing the chemical structure of the 
core to achieve this cross-link density and maximize core ductility. Another approach to 
improve ductility is to use a more elastomeric core material, e.g. polybutadiene or natural 
rubber [107]. These elastomers can be functionalized with the SP mechanophore and the 
resulting mechanophore-linked rubber can then be synthesized into core-shell rubber 
nanoparticles ideal for rubber toughening and damage sensing. Finally, cavitation in the 
nanoparticles can also be increased by improving the uniformity of the PMMA shell and 
increasing its thickness. A more uniform, thicker shell requires more energy for fracture, and as 
a consequence, greater deformation of the rubber core would occur [109].  
6.2.3 Integrated Intrinsic Damage Sensing, Damage Repair Glassy Polymer System 
Based on the research described in this dissertation, it is not difficult to imagine a 
material system that combines the damage sensing potential of SP-linked polymers, whether in 
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the bulk or within rubber nanoparticles, with the self-healing capabilities of solvent 
microcapsules. The challenge lies in developing a test protocol that would allow for pre-
alignment of the spiropyran molecules in the direction of applied mechanical force prior to 
fracture testing to ensure maximum activation of the mechanophore ahead of the crack tip 
while also protecting the microcapsules from premature rupture during the alignment stage. 
Microcapsule-based healing systems are also limited in that they can only heal a single damage 
event. An urgent need exists, therefore, for the design of new mechanochemically active 
materials which can facilitate both intrinsic and robust damage sensing and repair in glassy 
polymers.  
New polymers with intrinsic self-healing capabilities have been developed within recent 
years. These polymers have the potential to generate new material by way of force-induced 
chemical reactions or regenerate the original material in the damage zone [132].  Diesendruck 
et al. have recently synthesized a mechanophore based on gem-dichlorocyclopropanated 
indene which releases an acid upon the application of mechanical force [133].  The acid release 
was verified ex situ by a color change in a pH indicator and the researchers postulate that it can 
be used as a catalyst for cross-linking reactions. This system can be optimized so that the acid 
release would trigger some detection mechanism in situ providing both damage detection and 
damage repair functionalities. Work has also been underway to develop mechanically activated 
catalysts for subsequent chemical reactions such as esterification [28], ring closing and ring 
opening [28] and cross-linking of monomers for reinforcement [134].  
These intrinsic healing techniques offer a major advantage in that multiple healing 
events would be possible [14, 56]. Most of these healing techniques are not yet suitable for 
structural applications, and there has been little work looking into combining intrinsic healing 
with damage sensing. With further development, however, intrinsic healing mechanisms can be 
integrated with self-sensing mechanisms in structural polymers to produce a class of highly 
efficient composites-composites that can both detect where damage occurs and subsequently 
heal multiple damage cycles without human intervention. 
 
79 
 
Appendix A 
Synthesis Recipes 
Table A.1: Recipe for cross-linked PMMA (1.0 mol%)  containing SP as a secondary cross-linker (0.05 
mol%).  
Chemical Species Rubber 
toughened SP-
PMMA 
Rubber 
toughened 
Difunctional 
Control 
Rubber 
toughened 
PMMA 
SP-PMMA 
MMA 1 mL 1 mL 1 mL 1 mL 
BPO 15 mg 15 mg 15 mg 15 mg 
SP 2.3 mg   2.3 mg 
Difunctional control 
SP 
 2.3mg   
MBS nanoparticles 75 mg 75 mg 75 mg  
EGDMA 16.8 μL 16.8 μL 18 μL 16.8 μL 
DMA 6 μL 6 μL 6 μL 6 μL 
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Table A.2: Recipe for SP-linked core-shell rubber nanoparticles. The rubbery core contains poly(butyl 
acrylate) cross-linked with SP and styrene. The shell consists of cross-linked PMMA. 
 Chemical Species Amount Used 
Core pre-emulsion BA 1.026 g 
 Styrene 209.6 mg 
 EGDMA 3.5 mg 
 SP 20.75 mg 
 SDS 12.8 mg 
 DI Water 0.64 mL 
   
Reaction vessel ABCA 9.7 mg 
 DI Water 1.8 mL 
   
Shell pre-emulsion MMA 1.853 g 
 AIBN 21.1 mg 
 EGDMA 9.7 mg 
 SDS 9.3 mg 
 DI Water 2.71 mL 
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Table A.3: Recipe for linear PMMA containing solvent microcapsules. 
Chemical Species Amount Used 
MMA 4 mL 
BPO 0.06 g 
DMA 24 μL 
Solvent microcapsules 
(wt%) 
0.0 0.0 g 
2.5 0.106 g 
5.0 0.211 g 
7.5 0.317 g 
10.0 0.422 g 
 
Legend 
SP: Spiropyran                   
PMMA: Poly(methyl methacrylate)                      
MMA: Methyl methacrylate                        
BPO: Benzoyl peroxide                             
MBS: Paraloid EXL 2650a                       
EGDMA: Ethylene glycol dimethacrylate              
DMA: N,N-dimethylaniline 
BA: Butyl acrylate 
SDS: Sodium Dodecyl Sulfate 
ABCA: 4,4’-azobis-(4-cyanopentanoic acid) 
AIBN: Azobisisobutyronitrile 
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Appendix B 
Material Details 
B.1 Material Properties 
The storage modulus, E’, and glass transition temperature, Tg, of each material type 
were determined by Dynamic Mechanical Analysis (DMA). Rectangular specimens of 
dimensions 15 x 3 x 2.3 mm were subjected to the 3 point bend test. A support span of 10 mm 
was used. E’ for each material type was determined as the value of E’ at 1 Hz during a 
frequency sweep from 0.1 Hz to 90 Hz. Tg was obtained from the temperature value of the tan 
delta peak in a temperature sweep from 25 oC to 150 oC at 3 oC/min. Material properties of the 
mechanophore-linked PMMA are shown in Table B.1 while those of the capsule loaded linear 
PMMA are shown in Table B.2. 
Table B.1: Material properties of cross-linked PMMA containing SP as a secondary cross-linker. SP 
concentration: 0.05 mol%. Rubber nanoparticle (MBS) concentration: 7.3 wt%. 
Material Type E’ (GPa) Tg (
oC) 
Rubber toughened SP-PMMA 0.95 94 
Rubber toughened Difunctional Control 0.98 96 
Rubber toughened PMMA 1.24 98 
SP-PMMA 1.45 99 
PMMA 1.46 116 
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Table B.2: Material properties of linear PMMA containing microcapsules. 
Material Type 
Microcapsule 
concentration 
(wt%) 
E’ (GPa) Tg (
oC) 
 0.0 1.23 95 
 2.5 1.00 93 
PMMA w/ PMMA-Anisole 
microcapsules 
5.0 0.81 92 
 7.5 1.07 91 
 10.0 0.79 79 
    
PMMA w/ DCPD microcapsules 5.0 0.88 113 
DCPD: Dicyclopentadiene 
 
B.2 Mechanical Properties of Rubber Toughened SP-PMMA 
The mechanical properties of the rubber toughened SP-PMMA material were 
determined from the tensile test results of prestretched specimens. Poisson’s ratio (ν) was 
determined as the absolute value of the ratio of the transverse strain to the axial strain for 
stresses below the proportional limit of the material during the second tensile test (per ASTM 
D638 [135]). The elastic modulus (E) was calculated as the stress to strain ratio below the 
proportional limit of the material (also per ASTM D638). The yield stress (σY) was determined 
using the Considère’s yield criterion and the yield strain (εY) was then calculated based on 
Equation B.2.1. The strain hardening exponent (n) was found as the ratio of log(true plastic 
strain) to log(true stress). The material parameter α was determined based on the true strain 
value at yield (obtain from DIC data analysis) and the yield strain (see Equation B.2.2).  
                                                            
E
Y
Y
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Mechanical properties of the rubber toughened SP-PMMA are shown in Table B.3. 
Table B.3: Mechanical properties of rubber toughened SP-PMMA determined through tensile testing of 
prestretched specimens. 
Mechanical Property Value 
Young’s modulus , E 1.66 + 0.29 GPa 
Poisson’s ratio, ν 0.37 + 0.11 
Strain hardening exponent, n 6.24 + 1.3 
Material parameter, α 1.43 + 0.36 
Yield stress, σY 40.54 + 8.1 MPa 
Yield strain, εY 0.024 + 0.005 
 
B.3 Optical Images of SENT Specimens 
           Optical images of each specimen before and after SENT testing were captured using a 
Canon EOS-1Ds Mark I SLR digital camera with a Canon 65mm macro lens. Representative 
images are shown in Figure B.1.  
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Figure B.1: Optical images of each material type before and after SENT test. 
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Appendix C 
J Contour Integral Calculations  
The J contour integral is a path independent line integral which provides a measure of 
the stress intensity at the crack tip. The general form of the J contour integral is given by [103]: 
                                                                 









 ds
x
u
TwdyJ ii                                                       (C.1) 
where w is the strain energy density, Ti  are the components of the traction vector, ui  are the 
displacement vector components and ds is a length increment along the contour Γ.  
The total J contour integral for a nonlinear elastic material is found as the sum of the 
effective elastic J (Jel) and the fully plastic J (Jpl) [103]: 
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(C.2) 
The effective elastic J (Jel) is found as:  
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where KI is the stress intensity factor, a is the crack length, E’ is the effective elastic modulus.  
The stress intensity factor (KI) is calculated as:  
          







































2/92/72/52/32/1
2/1
85.5348.387.1841.099.1
W
a
W
a
W
a
W
a
W
a
tW
P
K I    (C.4) 
The fully plastic J (Jpl) is determined as: 
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and α is a dimensionless material parameter, εY is the yield strain, σY is the yield stress, W is the 
specimen width, b is the remaining ligament length (i.e. b=W-a), h1 is a function dependent on 
a/W and n, t is the specimen thickness, P is the applied load, and n is the strain hardening 
exponent. See Figure C.1 for specimen configuration. 
 
Figure C.1: SENT specimen configuration.  
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Appendix D 
Data 
D.1 Mechanical response of prestretched rubber toughened SP-PMMA 
 A representative plot of true stress vs true strain for prestretched rubber toughened SP-
PMMA is shown in Figure D.1. 
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Figure D.1: Representative stress-strain behavior of prestretched rubber toughened SP-PMMA. 
 
D.2 Gaussian fit of fluorescence intensity data for activation strain 
determination 
 Fluorescence intensity data acquired from horizontal line scans of the SENT specimens 
were fit to an 8-parameter Gaussian distribution. The fit data was then used to identify the 
activation zone limits as the locations at which the fluorescence intensity was 1 standard 
deviation above background. Gaussian-fit plots for 4 specimens at increasing measures of crack 
advance are shown in Figure D.2.  
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Figure D.2: Gaussian fit plots of intensity data acquired from horizontal line scans of rubber toughened 
SP-PMMA during SENT tests. 
 
D.3 Mechanical response of microcapsule-loaded linear PMMA  
 Specimens of linear PMMA containing increasing concentrations of PMMA-anisole 
microcapsules were subjected to the Double Cleavage Drilled Compression (DCDC) fracture 
test. Plots of the applied stress (σa) as a function of normalized crack length (a/r) are shown in 
Figures D.3-D.5. 
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Figure D.3: Effect of microcapsule concentration on mechanical response for specimens allowed to heal 
for 3 days (a) Control Type I: 0 wt% (b) 2.5 wt% (c) 5.0 wt% (d) 7.5 wt% (e) 10 wt%. Specimens marked 
with * showed no healing. 
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Figure D.4: Effect of healing time on mechanical response for specimens containing 5 wt% PMMA-
anisole microcapsules. (a) Heal time of 1 day (b) Heal time of 7 days.  
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Figure D.5: Effect of solvent on mechanical response (a) Reference specimens: PMMA-anisole injected 
into crack plane (b) Control Type II containing 5 wt% DCPD microcapsules. All specimens were allowed 
to heal for 3 days. Specimens marked with * showed no healing. 
 
D.4 Crack separation data for microcapsule-loaded linear PMMA 
 A sample of Control Type I and self-healing specimens (5 wt% microcapsules) were 
subjected to virgin DCDC tests. The final crack length of the self-healing specimens was varied 
to investigate the relationship between final crack length and crack separation. The final crack 
a b 
a b 
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length of the Control Type I specimen was not controlled. After testing, the specimens were 
imaged using Scanning Electron Microscopy (SEM). The crack separations at various distances 
from the precrack were measured for each specimen type and the results are summarized in 
Figure D.6. 
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Figure D.6: Crack separation measurements. (a) Schematic of measurement locations (b) Crack 
separation as a function of specimen type and normalized crack length. Error bars reflect one standard 
deviation of data. 
 
D.5 Effect of microcapsule concentration on minimum crack length for healing 
 The distance between the crown of the hole and the beginning of the healed region (h) 
was measured for all specimens. The results are summarized in Figure D.7 for increasing 
concentrations of microcapsules.  
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Figure D.7: Effect of microcapsule concentration on distance between crown of hole and healed region. 
(a) Schematic of distance measurement-h (b) Minimum distance as a function of microcapsule 
concentration.  Error bars reflect one standard deviation of data. 
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